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OXIME MIXTURES AND ATROPINE IN THE PROTECTION OF 
MICE AND RATS FROM SARIN POISONING! 


I. W. CoLeMan, P. E. LITTLE, AND G. A. GRANT 


Abstract 


The protection provided by oral administration of mixtures of oximes pro- 
phylactically in conjunction with intramuscular atropine given therapeutically 
against sarin poisoning in the rat and mouse is reported. N-Methylpyridinium- 

2-aldoxime methane sulphonate (P-2-S) in combination with diacetylmonoxime 
(DAM) demonstrated a synergistic action in protecting rats from sarin which 
raised the protection to double the value obtained from DAM alone. A similar 
synergism was found for P-2-S and monoisonitrosoacetone in the rat. This com- 
bination raised the protection obtainable from either partner by a factor of 8. 
Both oxime mixtures were less effective in the mouse than in the rat. 


Introduction 


The widespread use of cholinesterase inhibitors of the organophosphorus 
ester type as insecticides (1, 2), in treatment of glaucoma and myasthenia 
gravis (3, 4, 5), and as chemical warfare agents (6, 7) has created a need for an 
effective means of treating poisoning by these highly toxic substances. The 
urgency of the requirement has been pointed out by Namba and Hiraki (8), 
who estimated that the use of parathion in rice culture had produced 6000 
victims of parathion poisoning in 5 years. 

The therapeutic techniques developed to counteract the effects of anti- 
cholinesterase poisoning consist, in general, of the use of (a) atropine to inhibit 
the effects of accumulated acetylcholine; (6) cholinesterase reactivating 
agents, chiefly oximes, to restore body cholinesterase activity; and (c) support 
for respiratory failure in the form of artificial ventilation (6). The most 
effective oximes reported are N-methylpyridinium-2-aldoxime iodide (2-PAM) 
(9, 10, 11, 12, 13) and N-methylpyridinium-2-aldoxime methanesulphonate 
(P-2-S) (14) although diacetylmonoxime (DAM) (15, 16) and monoisonitroso- 
acetone (MINA) (17, 18, 19) have been shown to be highly useful therapeutic 
agents. Recently a group of diquaternary derivatives of pyridine-4-aldoxime 
have been synthesized (20, 21) and shown to possess high effectiveness against 
potent anticholinesterase inhibitors in a number of species (22, 23). 

Interest in this laboratory has centered more on prophylaxis for anticholin- 
esterase poisoning than on therapy, and emphasis has been placed on the 
effectiveness of oral route of application for the treatment drugs. P-2-S has 
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been found to be the most useful oxime in this regard (24). Orally administered 
P-2-S with atropine is not very effective in the treatment of poisoning by sarin 
(isopropyl methylphosphonofluoridate). Sarin produces death by a similar 
mechanism to other members of this class of inhibitors, namely by a combina- 
tion of central nervous system and peripheral effects (25). The former results 
in failure of the respiratory center, the latter includes paralysis of the dia- 
phragm, both actions proceeding to respiratory failure. All evidence indicates 
that P-2-S, being a quaternary ionized compound, resembles other drugs of 
this structure in not penetrating to any significant extent the “blood—brain”’ 
barrier. Hence its action is limited to reactivation of peripheral cholinesterase. 
This restriction likewise limits the site of reactivation in the case of those 
oximes having two ionized sites in their structure. However, this restriction 
does not apply to the oximes of MINA and DAM type which have no ionized 
groups and should thus penetrate into brain tissue. Thus more effective pro- 
tection against sarin and other anticholinesterase agents should result from the 
combined use of a peripherally active oxime plus an oxime capable of brain 
penetration. This hypothesis has been examined in the following study. 


Methods 


The method of assessing the potency of a treatment procedure was similar 
to that used by Hobbiger (11) and that implied by Davies et al. (14). The 
decrease in toxicity of sarin attained by various procedures is expressed as a 
protective index (PI) which is defined as follows: 

PI = (LDw(T))/(LDs(U)) — 1. 

where LD5o(T) is the toxicity of sarin in mg/kg in treated animals and LDo(U) 
is the toxicity of the inhibitor in untreated controls. A minimum of four points 
was used in the determination of each LDso value with a minimum of four 
animals per point. The LDj» values and range for 95% confidence limits were 
calculated by the graphic method of Litchfield and Wilcoxon (26). It should 
be noted that the protective index is a purely arbitrary measure of the potency 
of a treatment based on a comparison of the dosage of inhibitor required to 
effect the same response, namely 50% lethality, in untreated and treated 
animals. Since the slope of the dose/response curves almost always decreases 
(14) as the treatment becomes increasingly effective, the PI value cannot be 
extended to the whole dose/response curve. 

Oximes were administered orally in water by depositing the dose directly in 
the stomach with a ball-tipped needle. A constant volume of 20 ml per kilogram 
was given to rats, while 40 ml per kilogram was applied to mice. Atropine 
sulphate was administered intramuscularly (im.) at a volume of 1.0 ml/kg to 
rats and 4.0 ml/kg to mice. Sarin was applied in fresh aqueous solution by the 
subcutaneous route (sc.). All sarin dosage was in microvolumes never exceeding 
50 microliters per animal. An agla microsyringe was used for injection. 
Toxicity was assessed after 24 hours. Unless otherwise stated, prophylactic 
administration of a drug is defined as dosage 15 minutes before the application 
of sarin; therapeutic dosage was 30 seconds after exposure to sarin. 
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Results 


The protection against sarin poisoning offered rats by P-2-S and DAM is 
shown in Table I. P-2-S alone had no protective effect and even in the presence 
of atropine, the protection offered by this oxime is of the very low order of 0.7. 


TABLE I 
Protection afforded rats to sarin by P-2-S and DAM alone and in combination 














Antidote* (mg/kg) Test animal Assay 
No. Animals 95% confidence 

P-2-S DAM _ Atropine Sex Wt./g points per pt. PI limits for PI 
200 -—— --- M 160+5 + 10 0 _ 

200 — 12.5 M 175+10 4 10 0.7 0.3-1.2 

— 200 — F 16545 4 8 30.5 27.2-34.2 
a 200 22.35 F 165+5 4 8 52.0 45.5-59.3 
200 200 — M 170+5 6 6 31.0 25.9-37.0 
200 200 12.5 M 175+5 7 8 126 105-140 





Note: Toxicity of sarin, administered subcutaneously in untreated rats = 0.124 (0.11-0.14) mg/kg. 
*P-2-S and DAM were administered orally and prophylactically; atropine sulphate was given intramuscularly 
and therapeutically. 


DAM alone had the surprisingly high protective index of 30.5. This protection 
was increased to a value of 52 by the simultaneous use of atropine. When 
P-2-S and DAM were combined, the net protection obtained did not differ from 
that obtained from DAM alone. However, in the presence of atropine, the 
combination produced the very high protection of 126. This value greatly 
exceeds the protection which might be expected if the oximes were reacting 
additively and can only be explained by assuming that some synergistic mecha- 
nism of protection results when DAM and P-2-S are used simultaneously. If 
this hypothesis were valid, the protection afforded by the combination of 
oximes should vary with the total dose of oximes administered and should 
exceed the protection afforded by the same dose of either oxime administered 
separately. The variation in protection afforded rats by differing doses of 
oximes alone and in combination is shown in Fig. 1. In all cases, atropine was 
included in the treatment. In doses varying from 35 to 200 mg/kg, the pro- 
tection obtained by treatment with oxime mixtures exceeded that obtained from 
either oxime at the same dosage used separately. Apparently the mechanism of 
enhanced protection was not dependent on the high dosage of oxime used in the 
preliminary study, but can be demonstrated at dosages as low as 65 mg/kg of 
oxime. Below this dose level, there is no evidence that protection obtained 
from DAM was influenced by the inclusion of an equal quantity of P-2-S. 

In previous experiments, the ratio of P-2-S to DAM used in combination 
was 1:1. In order to determine the optimum ratio, a series of protection studies 
against sarin in the rat was made in which the ratio of P-2-S to DAM was 
altered, but the total oxime dose administered was retained at 100 mg/kg. The 
results of this study are shown in Fig. 2. It is evident that the net protection 
achieved increased as the DAM concentration in the mixture was increased. 
A maximum value for protection was reached when the mixture of oximes con- 
tained 15% P-2-S and 85% DAM. Figure 3 summarizes the protections ob- 
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Fic. 1. Variation in the protection given rats to sarin with differing{doses of P-2-S and 
DAM. Oximes were administered orally and prophylactically, atropine sulphate was given 
intramuscularly and therapeutically at constant dosage of 12.5 mg/kg. Closed circles, the 
protection from P-2-S; open circles, the protection from DAM; and half circles, the protec- 
tion obtained from equal mixtures of P-2-S and DAM. The mixture dose is plotted as 
mg/kg of one component. Range of protective indexes for 95% confidence limits are given 
by vertical bars. 


tained at a constant dose of 85 mg/kg DAM supplemented with varying doses 
of P-2-S from 0 to 30 mg/kg. Supplements of P-2-S up to 5 mg/kg did not alter 
the protection obtained from 85 mg/kg DAM. From 5 to 15 mg/kg P-2-S, an 
increase in protection resulted from increasing P-2-S dosage. Above 15 mg/kg, 
however, there was no evidence of further increase. Thus the minimum dosage 
of P-2-S at which the protection and hence the synergistic action was at a 
maximum was near 15 mg/kg, and such a supplementation by P-2-S of this 
dosage of DAM enhances the protection by a factor of 2. 


TABLE II 


Protection to sarin given mice and rats by oxime combination 




















Antidote* (mg/kg) Test animal Animals Points 
per in 95% confidence 

P-2-S DAM MINA Atropine Kind Sex Wt./g point assay PI limits for PI 
— — 75 12.5 Rat M 195+5 8 5 0.9 0.4-1.6 
200 —_ 75 12.5 Rat M 160+5 8 5 6.8 5.6-8.2 
200 —_ 75 12.5 Mouse M 28+1 7 4 3.1 0.3-2.4 
200 —_ —_ 12.5 Mouse M 28+1 8 5 0.6 0.2-1.1 

—_ 200 — 12.5 Mouse F 24+1 6 6 0.2 0-0.4 
200 200 _ 12.5 Mouse M 29+1 10 5 3.3 2.4-3.8 





Note: Toxicity of sarin, administered to mouse subcutaneously = 0.39 (0.32-0.45) mg/kg. 
*Oximes administered orally and prophylactically; atropine intramuscularly and therapeutically. 
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Fics. 2 and 3. Protection given rats to sarin by mixtures of P-2-S and DAM adminis- 
tered orally and prophylactically in conjunction with therapeutic im., atropine sulphate 
(12.5 mg/kg). In Fig. 2 total oxime dosage was constant at 100 mg/kg while ratio of 
P-2-S:DAM was varied. In Fig. 3 dosage of DAM was retained constant at 85 mg/kg while 
P-2-S was varied from 0 to 30 mg/kg. 


The protection from P-2-S and DAM given orally and prophylactically in 
conjunction with intramuscular therapeutic atropine has also been examined in 
the mouse. In this species, as shown in Table II, the effectiveness of oximes 
alone is of very low order. In combination, however, a protective index of 3.3 
was obtained. Since this order of protection, although much lower than was 
obtained in the rat, was in excess of the sum of the protection obtained by the 
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application of either oxime alone, it is evident that the synergism between the 
oximes is also operable in this species. 

From the results of experiments with P-2-S and MINA in the rat shown in 
Table II, it can be seen that this combination produced a protection of 6.8, 
which is much greater than the protection obtained from either oxime. In fact, 
the very low order of protection achieved by a single oral dosage with P-2-S 
and MINA (0.7 and 0.9 respectively), in comparison with the effect in combina- 
tion, indicate a much greater synergistic effect than in the case of P-2-S and 
DAM. With the latter oximes, the maximum protection is only slightly 
greater than double that achieved by DAM alone. With P-2-S and MINA the 
increase is approximately 8-10 times that of either partner. However, joint 
use of the oximes against sarin in the mouse produced the low protective index 
of 1.1. 

Further study of the effect of combination of ionized and unionized oximes 
in sarin poisoning was made by substituting for P-2-S three members of a 
group of diquaternary pyridine aldoximes. The results of these trials are 
shown in Table III. Compound 1 [N,N’-dimethylene bis-(pyridinium-4- 
aldoxime) dibromide] with atropine produced a protective index of 2.2 in the 
rat against sarin. In combination with DAM and atropine this compound 
showed a protective index of 44, a value below that obtained when DAM and 
atropine were used alone. Although the difference is not significant, there is no 
uncertainty regarding the lack of synergistic action with DAM. The oxime is 
not as active alone in the mouse, although when used with DAM the protection 
achieved was 2.2. Compound 2 [N,N’-trimethylene bis-(pyridinium-4-ald- 
oxime) dibromide] was relatively ineffective against sarin in the rat, and in 
combination with DAM produced a somewhat lower protective index than 
compound 1, although the value of 43 is not significantly different from that 
obtained with DAM alone. In the mouse, compound 2 and DAM showed a 
low effectiveness. Compound 3 [N-(3-triethylammoniopropyl) pyridinium-4- 
aldoxime dibromide] was intermediate in effectiveness between compound 1 
and compound 2 against sarin in the rat and in combination with MINA 
produced a protective index of 2.5 in the mouse. 


Discussion 


The hypothesis upon which this work was initiated is not established by the 
results found. The concept that use of a brain-penetrating unionized oxime 
cholinesterase reactivator plus a potent ionized peripheral reactivator will 
enhance protection against the anticholinesterase inhibitor sarin has been 
supported only in the case of P-2-S + DAM and P-2-S + MINA, and these 
combinations are effective only in the rat. However, the results obtained in 
the case of these oxime couples in this species clearly indicate a synergistic 
action. It seems doubtful, however, that the mechanism of action of this 
synergism bears any relationship to the original hypothesis. In the case of 
P-2-S and DAM, certain points about this action are worthy of note. 

From Fig. 3, the protection obtained from 85 mg/kg DAM in conjunction 
with atropine produced a protective index of 14. In the presence of 15 mg/kg 
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of P-2-S, this protection is raised to 34. P-2-S with atropine even at a dose of 
200 mg/kg will not protect rats above a value of 0.7 and doses below this 
figure reduce the protection still further until, at a dose of 15 mg/kg, the pro- 
tection from P-2-S and atropine can be assumed to be negligible. Since most, 
if not all, of the effectiveness of P-2-S has been assigned to the ability of this 
oxime to reactivate inhibited peripheral acetylcholinesterase, it would seem 
unlikely that the twofold increase produced when 15 mg/kg dose of P-2-S is 
combined with 85 mg/kg DAM can be assigned to the cholinesterase reactivat- 
ing properties of P-2-S. The enhancement of the protective potency of DAM 
by P-2-S at these dosages must be assigned to some other function of P-2-S in 
the rat which is, at present, unknown. A similar conclusion was reached by 
Edery and Schatzberg-Porath (27). These workers found that combinations of 
N-methylpyridinium-2-aldoxime iodide (2-PAM) and DAM were more effec- 
tive in the mouse challenged with 3 LDs of tetraethylpyrophosphate (T EPP) 
or tetramethylphosphordiamidyl fluoride (Dimefox) than either oxime used 
singly, although the combination of oximes was ineffective against diisopropyl 
phosphorofluoridate (DFP) or diethyl-p-nitrophenyl phosphate (Paraoxon). 
They based their conclusions on the fact that cholinesterase activity in the 
blood and brain of surviving animals after combined oxime treatment was not 
significantly different from that found in either survivors from individual oxime 
treatment or from the level of activity found in those animals which succumbed 
to the challenge of 3 LDso of TEPP. 

The results obtained when the biquaternary oximes were tried in combination 
with DAM lend further support to the concept that the action of P-2-S in 
synergism with DAM depends on some property of P-2-S other than cholin- 
esterase reactivation. The biquaternary oximes, particularly compound 2, are 
more potent reactivators of eel cholinesterase inhibited with sarin (28) than 
P-2-S and more potent protective oximes against sarin in vivo (23). These 
oximes, however, did not improve the protection afforded rats to sarin when 
given in combination with DAM. Since all oximes in this study were ad- 
ministered orally, the failure of the biquaternary oximes to give a response 
equal to or better than P-2-S, as might have been expected from their reactivat- 
ing potencies, might be dismissed as due to poor absorption from the gut. 
However, compound 2 was as ineffective in raising the protection of DAM when 
given intramuscularly (see Table III) as when given orally, eliminating absorp- 
tion as a factor of significance in the failure of these oximes. It would appear 
that the biquaternary oximes lack that property of P-2-S responsible for 
synergistic action with DAM and since oximes of this group are more potent 
reactivators than P-2-S, it would seem doubtful that the synergistic property 
of P-2-S is related to cholinesterase reactivation. 
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EFFECT OF AN ANTICHOLINESTERASE ON THE CHOLINERGIC 
SYSTEM IN INSECT EGGS':? 


K. N. MEHROTRA? 


Abstract 


Eggs of the housefly and milkweed bug treated at an early stage of development 
with a lethal dose of parathion continue to develop normally, but the embryo fails 
to emerge. Histological examination of the treated eggs showed that the develop- 
ment of the embryo, particularly the nervous system, was not affected. However, 
the activity of cholinesterase (ChE) was inhibited. Concomitant with inhibition 
of ChE, increased amounts of acetylcholine were found. These findings are similar 
to those found in adult insects treated with other organophosphorus insecticides. 


Introduction 


The response of insect eggs to anticholinesterase organophosphorus com- 
pounds presents certain difficulties for the hypothesis that these compounds 
exert their toxic effects by inhibition of cholinesterase (ChE) of the nervous 
system. In the first place, the compounds are toxic even when eggs are treated 
before the nervous system has differentiated (15). Secondly, eggs treated at an 
early stage of development, before the ChE activity has appeared, continue 
to develop normally until just before hatching and then die (6, 7, 22, 23). 
Moreover, insect eggs also contain other non-specific esterases which are also 
inhibited by these compounds (14). Because the ultimate toxic effects of anti- 
cholinesterase in adult insects are thought to result from an abnormally high 
acetylcholine (ACh) concentration due to ChE inhibition (21, 3, 4), it is 
important to determine both the degree of ChE inhibition and of ACh increase 
in insect eggs treated with an anticholinesterase, in order to ascertain the mode 
of ovicidal action of organophosphates. 

The occurrence of ACh and ChE in the developing normal eggs of the house- 
fly and milkweed bug has been described in a previous communication (16). 
The present work deals with the effect of parathion (O-O-diethyl O-p-nitro- 
phenyl phosphorothioate) on these elements in the developing eggs of these two 
species, and attempts to evaluate the importance of this system in the ovicidal 
action of organophosphorus insecticide. 


Materials and Methods 


Eggs of the housefly, Musca domestica, were collected from a laboratory 
colony according to the method of Fisher and Jursic (11), an even-aged sample 
being obtained by exposing the oviposition dishes for only 1 hour. The eggs were 
washed from the oviposition dishes into a beaker, the water was decanted, and 
the eggs collected. Similarly, eggs of the milkweed bug were collected from a 


1Manuscript received March 18, 1960. 

Contribution from the Department of Zoology, University of Western Ontario, London, 
Canada. This work was financially supported by the National Research Council of Canada, 
and formed a part of thesis submitted for the degree of Doctor of Philosophy, of the University 
of Western Ontario. 

2The following abbreviations are used throughout this paper ACh, acetylcholine; TCA, 
trichloroacetic acid; ChE, cholinesterase; TEPP, tetraethylpyrophosphate. 

’Present address: Department of Entomology, Cornell University, Ithaca, New York. 
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laboratory colony by exposing rolled plastic wire screens to oviposition for a 
period of 24 hours. After 24 hours the screens were removed from the cages, and 
the eggs were freed from them by the use of a camel’s-hair brush. All eggs used 
in this study were incubated at 28° C until used for ACh or ChE assay. The 
incubation period under these conditions was approximately 12 hours for the 
housefly and 5.5 days for the milkweed bug. 


Treatment of Eggs with Parathion 

The eggs were treated immediately after collection. Sheets of Whatman No. 1 
filter paper 5.5cm in diameter were impregnated with 5 ml of an acetone 
solution of parathion. After the acetone had evaporated the eggs were placed 
upon the filter paper contained in petri dishes. The lids of the petri dishes were 
replaced and the eggs were left exposed to the parathion for 1 hour at 28° C. 
Probit analysis was carried out to determine the dose—mortality relationship 
of parathion for the eggs of each species. Under these conditions the LCo of 
parathion for eggs of the housefly was found to be 2% and for the milkweed 
bug 5%. 

Extraction and Estimation of Acetylcholine 

The method employed for the extraction of ACh from the eggs was 
essentially that used by Lewis and Smallman (14) for adult insect heads. 
The eggs of either species were taken at chosen intervals after oviposition, 
and after being weighed were immediately immersed for 1-2 minutes in 5 ml 
of boiling HCl-acidified frog Ringer’s solution (NaCl 7.0 g; KCI 0.14 g; CaCl: 
0.12 g; in 1 liter of distilled water, acidified to pH 4.0 with 0.3 N HCl). On 
cooling, 0.5 ml of 10% TCA was added, and the eggs were homogenized in a 
Potter—Elvehjem glass homogenizer. The homogenate was centrifuged and 
the supernatant decanted, and the pH carefully adjusted with 0.3 N NaOH 
to 6.0 with constant stirring. The volume of extract was made up to 10 ml 
with unbuffered frog Ringer’s solution, and divided into 2 aliquots of 5.0 ml. 
One aliquot was termed ‘‘test extract’”’ and the other “blank extract’. The 
“‘blank”’ was brought to pH 11.5 by the addition of 0.3 N NaOH and momen- 
tarily heated to destroy ACh, then cooled and neutralized by the addition of 
0.3 N HCl. Small aliquots of these ‘‘test’’ and ‘‘blank”’ extracts were used in 
5.0 ml of NaHCO;-buffered frog Ringer’s solution (NaCl 7.0 g; KCI 0.14 g¢; 
CaCl, 0.12 g and NaHCO; 0.2 g, in 1 liter of distilled water) for the estima- 
tion of ACh. 

The estimation of ACh in the “‘test’’ extract was carried out by the use of 
the eserinized rectus abdominis muscle of the frog. The method provides 
correction for possible sensitizing agents, other than ACh, which might be 
present in “test’’ extracts (10). The ACh values reported here are given in 
terms of acetylcholine bromide. The substance in these insect eggs which 
stimulated the frog’s rectus abdominis muscle is known to be ACh*(16, 17). 
Working Determinations of Cholinesterase Activity 

The ChE activity was measured by the standard manometric technique. 
Eggs at different stages of development were weighed and homogenized in 
Augustinsson’s salt solution (2) with a Potter-—Elvehjem glass homogenizer. 
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The conditions for assay were 0.25 ml homogenate (containing 500 mg eggs/ml), 
1.0 ml NaHCO; (0.025 M final), 0.1 ml acetylcholine bromide (0.01 M final); 
the final pH was 7.4, the temperature 37.5° C, and the gaseous phase consisted 
of 5% COs and 95% Ne. All determinations were made in duplicate and cor- 
rected for non-specific hydrolysis of the substrate; activities were calculated as 
bso values (ul of CO, evolved by 125 mg eggs/30 minutes) by the method of 
Aldridge, Berry, and Davies (1). 

ChE activity was also measured by a ‘substrate protection’ technique in 
which ACh was added in excess to the homogenizing medium to prevent further 
inhibition of ChE by free inhibitor which might be present in the organism 
(29, 4, 27). In this case the eggs were homogenized in saline containing 0.6% 
ACh bromide and a compensating reduction was made in the concentration of 
ACh bromide in the side arm; 0.1 ml of 1.5% ACh bromide used. 


Results 


Effect of Parathion Treatment on Embryonic Development 

Eggs of both the housefly and milkweed bug treated with a lethal dose of 
parathion were observed to continue to develop normally until hatching and 
then failed to emerge. 

During the normal embryonic development of the housefly, movements of 
the embryo commence at 10 hours and increase in vigor up to the time of 
hatching. These movements were also observed in the eggs treated with para- 
thion but they were much slower than the normal. The untreated milkweed 
bug eggs show a characteristic change in color from yellow, found in early 
stages of development, to a deep reddish orange in later stages. This change in 
color was always observed in the eggs treated with parathion. 

These results clearly indicate that the treatment of eggs of either species with 
a lethal dose of parathion did not arrest development. A similar lack of arrest 
of embryonic development by anticholinesterases has been reported for other 
insect eggs by many workers (5, 6, 17, 22, 24, 25, 26). The only exception is 
the report of Potter et al. (20) that the treatment of the eggs of Pieris brassicae 
with TEPP arrested their development at an early stage, but the doses em- 
ployed were far in excess of the minimum lethal dose, and it was found that less 
extreme doses of TEPP allowed more and more eggs to develop up to the final 
stage (i.e. just before hatching). 


Effect of Parathion Treatment of ACh and ChE 

Table I shows the effect of parathion treatment on the ACh and ChE content 
of the developing eggs of the housefly and milkweed bug. It is evident from 
these results that both ACh and ChE are absent in the early stages of develop- 
ment in both the normal and treated eggs. In the normal eggs of the housefly 
ChE appeared first at 7 hours and then ACh at 9 hours, whereas in the milk- 
weed bug both ChE and ACh appeared simultaneously at 3 days, and con- 
tinued to increase in amounts up to the time of emergence. However, the eggs 
of either species treated with parathion showed a progressive inhibition of ChE 
from the time of its first appearance until hatching. This pattern of pro- 
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gressive inhibition of ChE remained the same regardless of whether the inhibi- 
tion of ChE was measured with or without substrate protection. However, 
the values for ChE inhibition were lower when obtained by the substrate 
protection technique. The difference between the two sets of values was 
insignificant during the early stages of development, but became considerable 
during the final stages of development. It is noteworthy that a high level of 
ChE inhibition is obtained only in the later stage of embryogenesis when the 
larvae are about to hatch. It may be that the level of ChE required for the 
larvae to hatch is critical and an inhibition of ChE below that level would lead 
to failure of larvae to hatch. 

These results on the progressive inhibition of ChE in insect eggs following 
treatment with an anticholinesterase are similar to those obtained by David (5), 
who also observed a similar progressive inhibition of ChE in the developing 
eggs of Pieris brassicae treated with a lethal dose of paraoxon. However, Smith 
and Wagenknecht (24) found that following treatment with parathion the 
ChE in eggs of the peach tree borer was 85% inhibited from the time of its 
first appearance during embryological development. Our results are different 
from Smith and Wagenknecht (24) in that a very low inhibition of ChE was 
observed in the early stages and as much as 75% in the final stages. It is 
possible that this difference may be due to technique, since the ChE inhibition 
in the peach tree borer eggs was measured by a technique that gave no sub- 
strate protection. 

The difference between values for ChE inhibition obtained by techniques 
with and without substrate protection suggests that a significant amount of 
free inhibitor is present in the eggs during the later stages of development. 
Moreover, since the difference observed between the ChE inhibition is small 
during the early stages of development and is considerable during later stages, 
it is probable that more free inhibitor is present at this later time. However, 
since parathion per se is known to be a very poor inhibitor of ChE (8, 18), until 
it is converted into the more toxic paraoxon within the organism, it is possible 
that the oxidative enzymes responsible for the conversion of parathion to 
paraoxon are more active during the later stages of development. Conversely, 
the oxidation of parathion to paraoxon must have been slight in the early stages 
of development, for otherwise ChE would have been inhibited completely as 
soon as it appeared during the embryonic development. This difference also 
suggests that the site of conversion of parathion to paraoxon is different from 
that where ChE normally occurs, because were they the same the difference 
observed between the inhibition of ChE by the use of substrate protection 
technique would have not been detectable. 

Concomitant with the inhibition of ChE by parathion, the level of ACh was 
observed to increase in eggs of both the species. It is significant to note that 
ACh appeared at the same time in treated as in untreated eggs. Smallman and 
Fisher (21) and Colhoun (3, 4) reported a similar increase in the ACh content 
of nervous tissues of insects treated with parathion and various other anti- 
cholinesterases. In addition, David (5) has reported an increase in ACh level 
of eggs of Pieris brassicae following treatment with paraoxon. 
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Discussion 


After treatment of eggs with a lethal dose of parathion, no histological lesion 
has been observed upon microscopic examination of the developing embryo, 
and the organ systems continued to differentiate normally, yet the embryo 
failed to emerge. Although parathion treatment resulted in no discernible 
histological lesions, biochemical derangements were clearly evident. ACh con- 
tinued to accumulate to above normal levels until hatching, while the hydro- 
lytic enzyme ChE was strongly inhibited. The fact that these cholinergic 
elements appear late in embryonic development suggests an explanation for the 
delayed action of parathion. If the ultimate toxic effect of anticholinesterase 
poisoning is due to accumulation of ACh above normal levels, because the con- 
trolling mechanism, ChE, is inhibited, then indeed no mortality would be 
expected during the early stages of development before this substance is present. 
A similar conclusion that the physiological effects of organophosphate poisoning 
are manifested only in the later stages of embryogenesis was reached by 
Staudenmayer (25) and by Smith (23), who observed that the treatment of 
insect eggs with parathion did not cause any marked change in oxygen con- 
sumption until near the normal time of hatching. At this time the rate began 
to decline and continued to do so till death. 

It was not possible to determine the mechanism whereby the level of ACh 
was increased in the eggs treated with parathion. Two explanations are 
possible, (a) an effect upon ACh synthesis per se; (6) accumulation due to 
inhibition of ChE which would require the hypothesis that the ACh concentra- 
tion is intimately dependent upon the activity of ChE. The first explanation is 
unlikely because there is no evidence, apart from that found with DFP (31), 
that organophosphates affect ACh synthesis (12). On the contrary, there is a 
considerable amount of evidence available which indicates that organophos- 
phorus insecticides do not affect ACh synthesis in vivo (21, 3, 4). Smallman and 
Fisher (21) were unable to show any effect upon ACh synthesis in houseflies 
treated with parathion and various other anticholinesterase compounds. 
Similarly no effect on ACh synthesis was observed by Colhoun (3, 4) in 
Periplaneta treated with a lethal dose of TEPP. Therefore, the increase in the 
ACh level in insect eggs must be due to inhibition of ChE. Colhoun (3, 4) 
showed that treatment of Periplaneta with TEPP resulted in two distinct 
increases of ACh; the first occurring during the hyperactive phase and thus was 
associated with increased nervous activity, while the second occurred during 
prostration and therefore was probably due to synthesis in the absence of any 
utilization by an active nervous system. The above normal increases in ACh 
level of insect eggs may have similar causes. 

Microscopic examination showed that the differentiation of all tissues was 
completed in spite of the inhibition of ChE and increased levels of ACh. This 
would indicate that development is independent of the levels of ACh or ChE. 
An effect of this biochemical abnormality was seen later, however, when larvae 
failed to emerge. At that time the larvae become mobile and would certainly 
require a functional nervous system; any impairment in function, at this time, 
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due to increased levels of ACh and inhibition of ChE would therefore manifest 
itself. 

The main objective of this study had been to evaluate the importance of the 
cholinergic system found occurring in insect eggs, and to test the hypothesis 
that after treatment with an anticholinesterase ACh accumulates in the nervous 
tissues of poisoned animals. In general, our results appear to be consistent with 
this hypothesis and are in agreement with the previous findings in mammals 
(9, 19, 28) and adult insects (21, 3, 4). A similar mode of action of organo- 
phosphate has also been postulated for insect eggs (17, 5). However, it has also 
been proposed that aromatic and aliphatic esterases are probably important in 
the mechanism of poisoning by organophosphorus compounds of insect eggs 
and adult insects. Lord and Potter (15) showed that aromatic esterases occurred 
in insect eggs and were consistently inhibited by organophosphorus insecticides. 
Hopf and Taylor (13) and Van Asperen (29) suggested that the aliphatic 
esterases may be more important than ChE in organophosphorus poisoning. 
Van Asperen and Oppenoorth (30) have since then revised their opinion. 
Moreover, Stegwee (27) has shown that in houseflies treated with tri-o-cresyl 
phosphate, only the aliphatic esterases were inhibited and no symptoms of 
poisoning developed; however, a subsequent treatment of the flies with TEPP 
resulted in knockdown, and ChE was found to be inhibited. These findings 
suggested the importance of ChE in anticholinesterase poisoning and also 
indicated that aliesterases are not involved to any extent in the lethal effects of 
organophosphorus insecticides. 
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ISOLATION AND IDENTIFICATION OF 11-KETOTESTOSTERONE 
IN SALMON PLASMA! 


D. R. IDLER, P. J. Scumipt, AND A. P. RONALD 


Abstract 


A new blood steroid, 11-ketotestosterone, has been isolated from postspawned 
male sockeye salmon. The steroid was identified by chromatography, infrared 
spectra, chemical transformation, and synthesis. This steroid is present at a 
concentration of 12 ug/100 ml of plasma and probably was reported as cortico- 
sterone by other investigators. Evidence is presented in support of the occurrence 
of corticosterone at a very low concentration in salmon plasma. The concentra- 
tions of cortisol, cortisone, corticosterone, and total Porter—Silber positive 


steroids were determined in large plasma samples taken from postspawned fish of 
both sexes. 


Introduction 


A steroid with some of the properties of corticosterone is present (8 4g/100 ml) 
in the blood of the ray (1). Corticosterone was not detected in plasma of 
carp (2) or salmon from either sex (3) even though a substance with the proper- 
ties of cortisol was readily detected. Plasma of both sexes of sockeye captured 
during spawning migration contained less than 1 4#g/100 ml of corticosterone, 
and 6160 ml of plasma from prespawned females contained .05 zg/100 ml of 
a substance with the polarity of this steroid (4). However, others report that 
corticosterone is the principal steroid in the plasma of spawned male sockeye 
(5). The present study shows that 11-ketotestosterone is present in post- 
spawned male sockeye plasma at a high concentration and would probably 
not be distinguished from corticosterone using the procedures employed by 
Phillips and co-workers (5). 


Materials and Methods 


Plasma of recently spawned male sockeye salmon, taken at Chilko Lake, 
British Columbia, in September, 1959, was processed to obtain the crude steroid 
fraction as previously described (6). Chromatography paper was prewashed (4) 
and steroid fractions and appropriate paper blanks were eluted with methanol 
by descending chromatography. The methylene chloride soluble steroid 
fraction, from each 800 ml of plasma, was streaked on 3.5 cm of paper and the 
chromatogram developed in hexane —- 75% methanol to remove residual fat. 
Toluene — 70% methanol (TM-70) was then used to separate the steroids (7). 
The relative mobilities in toluene —- 70% methanol (TM-70) of steroids found 
in salmon plasma and closely related steroids are listed in Table I. Other 
solvent systems used were heptane:benzene 1:1-— 70% methanol (HBM-70), 
toluene — 30% propylene glycol (TP-30), and heptane: benzene 1:1 — 30% 
propylene glycol (HBP-30). 

1Manuscript received May 3, 1960. 


Contribution from the Fisheries Research Board of Canada, Chemistry Section of the 
Technological Station, Vancouver 8, B.C. 
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TABLE I 


Relative chromatographic mobilities of steroids in 
toluene — 70% methanol 











Steroid Distance from origin (cm) * 
Cortisol 5:3 
Cortisone 9.5 
118-Hydroxytestosterone a. 
Corticosterone 20.5 
Reichstein’s St 20.5 
11-Ketotestosterone pe 
4-Pregnene-17a,208-diol-3-one 25.4 
4-Androstene-118-ol-3,17-dione 27.0 





*Distances were measured to the leading edges of the spots. 
+11-Deoxy-17-hydroxycorticosterone. 


Total plasma steroids with a dihydroxyacetone group were determined with a 
modified Silber—Porter method (8) and cortisone was measured by this method 
on the eluate from the TM-70 chromatogram. Cortisol was determined by 
acid fluorescence on the eluate from the TM-70 system, and corticosterone by 
the same method after rechromatography of the TM-70 eluate in HBM-70 
(9, 10). 11-Ketotestosterone was quantitatively determined by ultraviolet 
absorption and alkali fluorescence (7) following chromatography in TM-70 
and HBM-70. The acid-fluorescence curves for corticosterone were obtained 
on both TP-30 and HBM-70 eluates following rechromatography of the TM-70 
eluate. All quantitative determinations were corrected according to the 
recovery of approximately equal amounts of pure compounds through the 
procedures. A total of 2400 ml of male and 1600 ml of female plasma was used 
in this study. 

11-Ketotestosterone and the chromatographically identical plasma steroid 
(20 ug) were each treated for 40 minutes at 20° C with 15 yg of CrO; in 0.3 ml, 
ca. 98% acetic acid. The products were chromatographed in HBP-30 for 
2.5 hours. 

11-Ketotestosterone was prepared by NaBH, reduction of adrenosterone 
(11). Infrared spectra were recorded of micro KBr pellets using a Beckman 
IR-4 equipped with a beam condensing system. 


Results 


The unidentified steroid (11-ketotestosterone) from the plasma of males was 
only slightly less polar than corticosterone and “‘S” in TM-70 and would be 
nearly quantitatively included with these substances if the corticosterone area 
was cut out as recommended even when the solvent ran 38 cm (7). A complete 
resolution of 11-ketotestosterone from corticosterone and ‘‘S’’ was achieved in 
the HBM-70 system developed for 16 hours. A separation of corticosterone 
and ‘‘S’”’ was best achieved in TP-30 run for 6 hours or longer. 

The steroid from male plasma and authentic 11-ketotestosterone both had 
their absorption maxima at 238 my in methanol. Neither gave the typical blue 
tetrazolium reaction of equal amounts of a-ketols, thus eliminating such 
steroids as corticosterone. The unknown and 11-ketotestosterone could be 
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detected on paper chromatograms with a Zimmerman reagent and in solution 
they exhibited absorption maxima at 515 mp. They had identical mobilities 
in the TM-70, HBM-70, and TP-30 solvent systems. Likewise, both substances 
gave identical sulphuric acid chromogens with maxima after 2 hours at 285 my, 
O.D. 0.435, and 355 my, O.D. 0.02, and minima at 230 and 335. These data 
agree with those of others (12, 13). Both substances were transformed by 
CrO; to a steroid which gave a positive Zimmerman reaction and had a 
chromatographic mobility identical with 4-androstene-3,11,17-trione which 
moved 20 cm in a solvent system which resolves it from closely related steroids. 
The infrared spectra leave no doubt as to the identity of the plasma steroid 
with 11-ketotestosterone (Fig. 1). There was 12 4g/100 ml of 11-ketotesto- 
sterone in male plasma. 
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Fic. 1. Infrared spectra of (1) ca. 43 ug plasma steroid, (2) 80 ug 11-ketotestosterone. 


An 870-ml sample of postspawned male plasma contained 32 ug/100 ml of 
steroid with the dihydroxyacetone group. Cortisol, cortisone, and corticosterone 
determinations on the same plasma gave 15.6, 13.6, and 0.27 ug/100 ml 
respectively. An 870-ml sample of postspawned female plasma contained 
85.8, 36.3, 53.7, and .24 ug/100 ml respectively of each steroid. 

The sulphuric acid — fluorescence curves of the corticosterone from plasma 
are compared with those obtained on the same quantity of corticosterone 
taken through the procedures (Fig. 2). 

The ‘‘S”’ area of the chromatogram from 870 ml of male plasma showed a 
sharp maximum at 240 mp equivalent to only 2.5 ug of steroid (ca. 50% re- 


covery) or 0.6 4g/100 ml. This material will be pooled with other samples for 
further study. 
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Fic. 2. Acid-fluorescence curves of corticosterone and plasma steroid eluted from 
paper chromatogram. (a) 6 H,SQ,:4 ethanol. (6) 6.5 H2SO,:3.5 ethanol. (c) 9 H2SO,: 
1 ethanol. e Corticosterone. X Plasma eluate. 


Discussion 


Phillips et al. (4) report that the steroid with the mobility of corticosterone 
from 8868 ml of postspawned male sockeye salmon gave a positive tripheny]l- 
tetrazolium reaction but the quantitative estimation was done by alkali 
fluorescence. 11-Ketotestosterone, on paper, does produce a chromogen of 
very low intensity with tetrazolium reagents. On the basis of the present report 
their sample could contain, depending on recovery, up to 24 ug of corticosterone 
and 40 yg of “S’’, which should be adequate to explain the positive TPZ 
reaction. Towards the completion of this study a report appeared describing 
corticosteroid production by interrenal tissue of teleost fishes (14). These 
authors mentioned a substance which was detected with TPZ and was slightly 
less polar than corticosterone, but no other properties were reported. 

Acid fluorescence is quite selective and no other steroid has been found that 
fluoresces and gives the time curves of corticosterone (10). Considering the 
small amount of plasma steroid available we believe that the agreement with 
the curves of corticosterone, as well as the mobility in three solvent systems, 
strongly suggests the identity of the two. 11-Ketotestosterone does not acid- 
fluoresce under the conditions for the determination of corticosterone and ‘‘S” 
has only 0.8% of the fluorescence of corticosterone. Both would interfere with 
the determination of corticosterone by alkali fluorescence. 

It is of interest that there was no detectable 118-hydroxytestosterone in the 
male plasma since this steroid is produced from testosterone by both adrenal 
(12) and testicular tumor tissue (15). The origin and significance of 11-keto- 
testosterone is being investigated. To our knowledge this is the first reported 
isolation of this steroid from blood or other natural product. 
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BIOCHEMICAL EFFECTS OF IRRADIATION 
ON LIVER REGENERATION! 


D. K. MYErRs 


Abstract 


Little change in the total weight, number of cell nuclei, and amounts of protein, 
ribonucleic acid, and deoxyribonucleic acid occurs in rat livers after local irradia- 
tion of the liver region. However, irradiation of the normal liver before partial 
hepatectomy does retard subsequent DNA accumulation and increase in number 
of cell nuclei. These effects appear to be due to a localized action of the radiation 
on the liver cells. The lag in DNA accumulation is not accompanied by a marked 
accumulation of acid-soluble purine—deoxyribose derivatives. 


Introduction 

Regenerating liver has frequently been studied as a model of rapid, controlled 
cell growth in animals. The number of dividing cells found in the normal liver 
of adult rats is extremely small; however, the rate of cell division increases 
several hundred-fold within 1 to 2 days after partial hepatectomy (1). Although 
many experiments concerning the effects of irradiation on cell growth have been 
reported, there was little information on the total number of cells and total 
amounts of various cell constituents in regenerating liver after irradiation. 
The present experiments were designed to obtain this information and to 
determine whether the observed consequences in the liver cells are due to a 
localized or systemic effect of the irradiation. 


Methods 
Experimental Animals 

Pairs of female animals with an average weight of 180+3 g were selected 
from a laboratory strain of hooded rats when they were 10 weeks of age. These 
animals were irradiated at a distance of 72 cm from the target of a 2000-kvp 
X-ray machine which was operated at 1.5 ma; the dose rate measured in air 
with an ionization chamber was approximately 300 r/minute. The rats were 
usually restrained in a rectangular plastic chamber with internal dimensions of 
3.8 X4.4 X22 cm; when placed in front of this holder, they entered voluntarily 
through an open end which was subsequently closed with a wad of soft paper 
and a cork. The major portion of the animal was shielded behind 7.5 cm of lead 
and steel and only the liver region of the animal was irradiated through a hole 
3.6 cm in diameter. 

Partial hepatectomy was carried out by a standard method (2), the median 
and left lateral lobes of the liver being ligated and removed from animals under 
ether anaesthesia. Unless otherwise stated, all animals were allowed food and 
water ad libitum. In one experiment, liver regeneration was studied in animals 
which had been adrenalectomized by the dorsal route 10 days earlier; these 
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animals were maintained on a 1% solution of sodium chloride in place of the 
usual drinking water. 

In another series of experiments, the effect of irradiation of an exteriorized 
liver lobule was investigated. The rats were subjected to the usual operation of 
partial hepatectomy while under Nembutal anaesthesia. Subsequently the 
anterior lobule of the right lateral liver lobe was carefully freed and pulled to 
the exterior, where it was held in position by partial closure of the incision in 
the abdominal wall with metal wound clips. The abdomen of the rat was then 
wrapped closely in two sheets of thin transparent plastic in order to keep the 
exteriorized lobule moderately warm and moist. Any animals with visible 
damage on the surface of the exteriorized lobule were discarded at this point. 
The exteriorized lobule only was irradiated for 5 minutes in half of the animals; 
the control animals were treated in exactly the same way for the same length of 
time except that the X-ray machine was not turned on. Subsequently the 
wound clips in the abdominal wall were removed, the exteriorized lobule was 
returned to its normal position in the rat, and the incision closed in the usual 
manner. The whole procedure required 10 minutes for each animal; most of 
these animals appeared to make a good recovery. 

Assay Methods 

Pairs of animals were rapidly anaesthetized with ether and killed by decapi- 
tation. Approximately 2 g of liver was excised and homogenized immediately 
with 20 ml of an ice-cold solution containing 0.14 M NaCl and 0.003 M CaCle. 
A portion of this homogenate was used to prepare cold trichloroacetic acid 
extracts containing the nucleoside derivatives and most of the liver glycogen, 
and hot acid extracts containing the nucleic acids and residual glycogen (3, 4). 
In some experiments, a small portion of the liver was fixed in formalin; histo- 
logical sections were prepared and stained with hematoxylin and eosin. 

Purine-deoxyribose derivatives (‘‘deoxyribonucleosides’”) and deoxyribo- 
nucleic acid (DNA) in the acid extracts were measured by the diphenylamine 
reaction (5, 6). In all cases, the assay was based on the difference in the optical 
densities of the reaction mixture measured at 595 mz and 650 mp on the 
Beckmann DU spectrophotometer (5). The cold acid extracts of normal liver 
contain material which produces a small amount of color in the diphenylamine 
reaction but which does not give a difference in the optical densities at 595 my 
and 650 mp. 

Ribonucleoside derivatives and ribonucleic acid (RNA) in the acid extracts 
were measured by the orcinol reaction (7). Some of the cold acid extracts 
produced a brownish interfering color during the reaction; this interfering 
color was readily removed when the cooled reaction mixture was extracted 
twice with an equal volume of chloroform. 

Total carbohydrate in the acid extracts was determined by the anthrone 
reaction (8) using glucose in trichloroacetic acid as the standard. Control 
experiments with glucose added to the acid extracts indicated that other 
materials in the extract did not interfere with this assay. 

Protein in the saline homogenate of the liver and in blood serum was 
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measured by the biuret reaction (9). The number of cell nuclei in the saline 
homogenate of liver was counted in a haemocytometer after the homogenate 
had been diluted 50-fold in a solution containing 3% acetic acid and 0.04% 
crystal violet (10). 

In a few experiments, lipid peroxides in the liver were estimated by the 
thiobarbiturate reaction, using both of the two procedures described by 
Ottolenghi et al. (11, 12). However, no increase in lipid peroxides in the liver 
could be demonstrated by either method at any time between 3 minutes and 
4 days after irradiation with 1500 r. 


Results 
Irradiation of Normal Liver 
No consistent changes in the total number of cell nuclei or in the total amount 
of DNA in the liver were observed following exposure of the liver region to 
1500 r (Table I). No measurable accumulation of acid-soluble purine— 


TABLE I 


Effect of irradiation with 1500 r on the amounts of 
various liver constituents in 180-g female rats 











Time Loss of Total 
after Number body weight of 
irradiation of weight liver 108 DNA RNA Protein 

(hr) animals “ (g) (g) nuclei/liver (mg/liver) (mg/liver) (mg/liver) 
0 32 a 7.81 19.5 20.5 73.5 1,800 
0.1 4 _ 7.63 20.6 21.1 — 1,785 
0.5 4 — 7.40 20.3 20.1 68.5 1,820 
. 4 3 7.10 20.5 20.6 66.1 1,690 
18. 4 6 7.40 19.1 19.9 68.2 1,740 
48. 4 11 7.03 20.1 20.6 65.3 1,630 
7a. 4 24 7.23 19.6 20.0 69.3 1,705 
96. 4 25 7.24 19.2 19.6 ga.8 1,750 





deoxyribonucleosides was detected in the irradiated liver. Attempts to 
demonstrate an accumulation of DNA fragments soluble in ice-cold 0.067 M 
phosphate buffer or in 0.14 M NaCl solution (13) were also unsuccessful. 
Apparently no appreciable loss or marked depolymerization of DNA occurs in 
rat liver within the first 4 days after exposure to 1500 r; the above results con- 
trast with those obtained after irradiation of a radiosensitive organ such as the 
spleen (13, 14). 

The total weight, RNA content, and protein content of the liver exhibited 
only minor decreases after local irradiation with 1500r (Table I). These 
changes were much smaller than the changes occurring in nonirradiated, 
starved animals; for example, in another series of experiments, with rats that 
had fasted for 4 days, the liver weight and total protein content were reduced 
to approximately 55% of the control values. 


Liver Regeneration after Irradiation 

Changes in the liver after partial hepatectomy are shown in Fig. 1. The liver 
weight and total RNA content increased rapidly in the control animals, while 
the total protein content of the liver increased at a slower rate. Consequently 
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the concentration of protein in the liver decreased to reach a minimum at 79% 
of normal on the second day after partial hepatectomy; part of this decrease 
is probably due to the accumulation of lipids in the regenerating liver (1). 

Prior irradiation with 580 r or with 1500 r retarded the normal increments in 
DNA and number of cell nuclei, but did not affect the increases in the total 
weight, RNA content, and protein content of the liver within the first 2 days 
after partial hepatectomy (Fig. 1). The growth of the livers of the irradiated 
animals was retarded after the second day; however, this result could be 
attributed to a reduction in food uptake and/or to the observed lag in cell div- 
ision in the livers of the irradiated animals. 

The average amounts of DNA and RNA per nucleus have been plotted in 
Fig. 2. Each point in these graphs represents the average values obtained from 
analyses on the livers of 6 or more animals, a total of 184 partially hepatecto- 
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DAYS AFTER PARTIAL HEPATECTOMY 
Fic. 2. Changes in the average amounts of DNA and RNA per cell nucleus in 


regenerating liver: control animals (@ 
exposed to 1500 r at 0 time (A 
values found in normal liver. 





@); exposed to 580 r at 0 time (O —-- 0); 
A). The horizontal dotted line represents the average 





mized animals being used for these determinations. The standard errors were 
usually about 3% of the average values. In regenerating livers of control 
animals, both values rose to approximately 1.6 times the original levels and then 
fell slowly as the total number of nuclei in the liver began to increase more 
rapidly. However, prior irradiation produced opposite changes in the two 
values. Exposure to 1500 r delayed the increase in the average amount of 
DNA per nucleus, but the average amount of RNA per nucleus increased after 
irradiation to nearly double the normal level, and remained at this value until 
cell division commenced (Fig. 2). 

The concentrations of acid-soluble purine—deoxyribonucleosides remained 
below the measurable limit of 0.01 zmole/g liver (approximately 64g DNA 
equivalent/g liver) at all stages of liver regeneration, both in the control and in 
the irradiated animals. This concentration is much smaller than the deficiency 
in DNA following irradiation; for example, the average difference in the con- 
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centrations of DNA in the livers of the control and irradiated (1500 r) animals 
amounted to 1200“g DNA/g liver at 48 hours after partial hepatectomy 
(cf. Fig. 1). 

The total concentration of acid-soluble ribonucleosides in liver is much higher 
than that of deoxyribonucleosides. When expressed as mg/g liver, these 
concentrations tended to decrease during liver regeneration. However, if the 
concentrations were expressed as mg/g protein to compensate for any dilution 
caused by lipid accumulation in the regenerating liver, no appreciable changes 
were evident either in the control or in the irradiated animals (Table II). 


TABLE II 


Concentrations of acid-soluble ribonucleoside derivatives 
in regenerating liver 








Concentration of ribonucleosides in liver 








Time after (mg RNA equivalent/g protein) 
partial 

hepatectomy Irradiated Irradiated 
(days) Control with 580 r with 1500 r 

0 60 —- _ 

0.5 66 — — 

1 59 62 62 

2 56 58 60 

3 57 57 55 

+ 60 60 56 

7 62 60 — 





The concentration of carbohydrate, mainly glycogen, in the regenerating 
liver of control animals showed the usual abrupt decrease immediately after 
the operation, followed by a slow, cyclical recovery (1). Prior irradiation of the 
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Fic. 3. Changes in carbohydrate concentration in regenerating liver: control 


(® @); exposed to 580r at 0 time (O-- 0); exposed to 1500r at 0 time 
(A———A); fasted after partial hepatectomy (X --- X). 
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liver region did not prevent these changes, although the recovery was slower 
than in control animals (Fig. 3). 


Liver Regeneration in Fasted and in Adrenalectomized Rats 

Since the animals exposed to 1500 r continued to lose weight after partial 
hepatectomy, parallel experiments were carried out with starved, nonirradiated 
animals. In confirmation of Brues ef al. (15), it was found that starvation did 
not prevent the normal increase in the total number of cell nuclei in regenerating 
liver (Table III), even though the weight of the liver did not increase at the 
normal rate (Fig. 1 and Table III). The results indicate that the inhibition of 
DNA synthesis and of cell division in the regenerating liver of irradiated animals 
cannot be attributed simply to a reduction in food uptake. 


TABLE III 
Effect of starvation, adrenalectomy, or irradiation with 1500 r on liver regeneration 











Total 
Time after Loss of weight 
partial Number body of 
Treatment hepatectomy of weight liver 108 DNA RNA Protein 
of rats (days) animals (g) (g) nuclei/liver (mg/liver) (mg/liver) (mg/liver) 
Control 0 32 6 2.47 6.16 6.48 23.2 570 
Control a 24 12 5.95 12.6 16.9 65. 1,095 
Fasted 4 6 46 4.2 11.5 16.5 47 710 
Irradiated 4 8 40 4.9 8.1 11.1 55 880 
Adrenalectomized 0 4 6 2.5 5.6 5.8 — 600 
Adrenalectomized 4 6 15 5.9 11.3 17.4 — 1,170 
Adrenalectomized 

and irradiated 4 4 37 4.2 5.1 8.0 —_— 920 





It has been suggested that the inhibition of DNA synthesis in the regenerat- 
ing liver following irradiation might be due in part to the stimulation of adrenal 
secretion (16). However, our results showed that exposure to 1500r still 
delayed DNA synthesis and cell division in the regenerating liver in adrenal- 
ectomized rats (Table ITI). 


Serum Protein Levels 


Glinos (17) has suggested that the rate of cell division in the regenerating 
liver is controlled by the decrease in the concentration of serum proteins and of 
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Fic. 4. Changes in serum protein concentrations at various times after partial 
hepatectomy: control (@ @); exposed to 580 r at 0 time (O —- O); exposed to 
1500 r at 0 time (A 
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serum albumin in particular. However, the inhibition of cell division by prior 
irradiation cannot be ascribed to a higher concentration of serum albumin in 
the irradiated animals. In most instances, the serum protein levels were lower 
in the irradiated than in the control animals (Fig. 4). 


Irradiation of an Exteriorized Liver Lobule 

Conclusive evidence for a direct action of radiation on the liver cells was 
obtained by irradiation of the exteriorized anterior lobule of the right liver lobe 
only, using the technique described above. The subsequent growth of this 
lobule following partial hepatectomy was compared (a) with the relative 
growth of the nonirradiated caudate liver lobe in the same animals; and (0) 
with the growth of the right anterior lobule in control animals which had been 
treated in exactly the same way except for the irradiation. The first comparison 
provided a control for the effect of any hormones or toxic materials that might 
be liberated into the blood stream following irradiation; the second comparison 
should allow for the trauma produced in the exteriorized lobule during the 
operation. 

In this experiment, the liver from each animal was analyzed 4 days after 
the operation. The average results together with the standard deviation of the 
individual measurements are given in Table IV. The increases in total DNA 


TABLE IV 
Liver regeneration after irradiation of an exteriorized lobule with 1500 r 











Control Control Irradiated 
group group group 
Days after partial hepatectomy 0 4 4 
Number of animals 6 6 6 
Average loss of body weight (g) 6 18 19 
Total weight of right and caudate 
liver lobes (g) 2.99 £0.37 5.53 40.69 5.55 +0.48 
Anterior lobule of right liver lobe (irradiated) 
Weight (g) 1.29+0.21 2.80+0.41 2.59+0.38 
Protein content (mg) 308. +58. 593. +60. 550. +74. 
DNA content (mg) 3.35+0.22 9.00+0.81* 6.9 +0.77* 
10° cell nuclei 3.20+0.46 6.42+0.74** 4.34+1.02** 
Caudate liver lobe (not irradiated) 
Weight (g) 0.75 +0.08 1.50+0.33 1.58+0.19 
Protein content (mg) 176. +9. 285. +57. 309. +43. 
DNA content (mg) 2.05+0.11 5.90 +0. 89 5.7 £0.63 
108 cell nuclei 1.89+0.25 3.27+0.84 3.25+0.57 





* and ** Probability of the differences between these values being due to chance is less than 1%; in all other cases, 
the differences between irradiated and control groups were not statistically significant (P >20%). 
content and total number of cell nuclei in the exteriorized liver lobule were 
significantly lower following irradiation, while a similar lag was absent in the 
nonirradiated caudate lobe of the same animals. The total wet weight and 
protein content of the exteriorized lobule increased to approximately the same 
extent whether or not the lobule was irradiated. 


Discussion 


It is generally agreed that irradiation selectively depresses the rate of in- 
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corporation of labelled precursors into DNA and the rate of cell division in 
regenerating liver (16, 18-20). Although these rates do not necessarily reflect 
the net accumulation of DNA and increase in cell number, our data have 
confirmed the conclusions based on rate measurements. Moreover, the experi- 
ments have shown that the effects of irradiation on DNA synthesis and cell 
division are caused by a localized action of the radiation on the liver cells. 
These effects cannot be attributed to starvation, adrenal stimulation, or 
increased serum protein levels; further, they are still observed after irradiation 
of exteriorized liver only. 

The effect of irradiation on the average amount of DNA per cell (Fig. 2) 
differs from that observed following exposure of mammalian cells in tissue 
culture to 1000 r (21). In these tissue culture experiments, the amount of DNA 
per cell increased rapidly to approximately double the normal value and then 
remained at this level for some time owing to a block in cell division. This 
difference is probably due (22) to the fact that the vast majority of the liver 
cells were not dividing whereas the tissue culture cells were growing rapidly 
at the time of irradiation. The concentration of the multienzyme system that 
incorporates thymidine into DNA is low in normal liver but rises to a high level 
in regenerating liver at the time that DNA synthesis commences (23, 24). 
Since irradiation appears to have little direct effect on these enzymes (25), the 
delay in DNA synthesis following irradiation could be ascribed to interference 
with the formation of one or more of the required enzymes in regenerating liver 
(26). The presence of adequate concentrations of these enzymes in rapidly 
growing cells could explain the fact that a similar lag in DNA accumulation is 
not observed following exposure of these cells to moderate doses of radiation 
(21, 27). On this basis, the selective action of irradiation on DNA synthesis as 
opposed to RNA and protein synthesis in regenerating liver might be due 
simply to the absence or presence in normal liver of the enzymes required to 
synthesize each of these materials. 

An examination of histological sections from the irradiated regenerating 
livers indicated the absence of appreciable numbers of dead and dividing cells. 
Consequently the constant number of cell nuclei in the regenerating liver during 
the first 3 days after irradiation with 1500 r (Fig. 1) must be due simply to a 
delay in cell division (see 19). The delay in DNA synthesis and in cell division 
both appear to be temporary following low doses of radiation (Fig. 1). In this 
connection, particular interest is attached to the data reported by Gershbein 
(28), which suggest that the liver cells can recover from radiation doses as high 
as 10,000 r. 
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IN VITRO AND IN VIVO EFFECT OF GROWTH HORMONE 
ON ALDOSTERONE SECRETION! 


O. J. Lucts AND E. H. VENNING 


Abstract 


Porcine, monkey, and human growth hormone have no effect on the in vitro 
secretion of aldosterone by the rat adrenal gland. When monkey growth hormone 
is injected into hypophysectomized rats, the adrenals of these animals secrete, 
under in vitro conditions, increased amounts of aldosterone with no change in the 
secretion rate of corticosterone. The plasma of these rats contains a substance 
which appears to stimulate the secretion of aldosterone in the adrenals of normal 
rats. 


Studies by Beck and co-workers (1, 2) showed that the administration of 
human and monkey growth hormone to man caused a rise in aldosterone 
excretion whereas the level of urinary corticosteroids and 17-ketosteroids was 
unaffected. Earlier studies by Venning and co-workers (3), using pork and beef 
growth hormone, indicated that these preparations had no effect on aldosterone 
excretion in man. In order to investigate this property of growth hormone, 
adrenal glands of rats were incubated with growth hormone obtained from 
various species. Intact and hypophysectomized rats were also injected with 
growth hormone prior to adrenalectomy and the secretion of aldosterone and 
corticosterone by the adrenals of these rats was determined. Finally, adrenals 
of non-hypophysectomized rats were incubated in the plasma obtained from 
hypophysectomized rats treated with growth hormone. 


Methods and Material 


Various preparations of porcine and monkey growth hormone were kindly 
supplied by Dr. A. Wilhelmi and we are indebted to Dr. M. Raben for the prep- 
aration of human growth hormone. 

Adrenal glands from groups of male rats, ranging from 160 to 180 g, were 
removed while the animals were under Nembutal anesthesia. Intact and 
hypophysectomized rats were used. The adrenals were cleaned of fat, quartered, 
and each one-quarter portion obtained from the groups of rats used was weighed. 
The tissue was incubated in Krebs—Ringer—glucose solution (KRG) according 
to the method of Saffran and Schally (4). The volume of the medium for each 
group of quartered adrenals was 30 ml except in the experiments using plasma. 
The number of rats in each group varied from 10 to 100 depending upon the 
design of the experiment, and the incubation time varied from 1 to 3 hours. 
In order to have sufficient aldosterone for accurate measurement, adrenal tissue 
from an equivalent of five rats had to be pooled. In most of the experiments, 
adrenals from 10 or more rats were used for each determination. The steroids 


1Manuscript received May 31, 1960. 
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secreted into the medium were extracted with chloroform and were separated 
by means of the chloroform—formamide system of Zaffaroni (5) and the Bush B; 
system (6). The positions of aldosterone and corticosterone on the paper strips 
were determined by ultraviolet absorption at 240 mp. These steroids were 
eluted and measured with the blue tetrazolium reaction described by 
Nowaczynski (7). Secretion rates were expressed as pg steroid secreted per 
gram tissue per hour into the medium. 


Results 


Five ultraviolet absorbing compounds were observed regularly on the paper 
strip and are shown in Fig. 1. Of these, aldosterone and corticosterone were 
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identified. Two unidentified compounds, RT; and RT:, more polar than 
aldosterone, which did not reduce blue tetrazolium, were measured in a few 
experiments by means of their ultraviolet absorption. A fifth compound, RT,, 
was not measured. 

The reproducibility of the procedure was investigated in four groups of 
40 rats each (Table I). Incubation was carried on for 1 hour. Although the 
secretion rates of aldosterone and corticosterone varied in the different groups, 


TABLE I 
Secretion of steroids in adrenals of normal rats (ug per g tissue per hour) 














Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Ald.* Cp.B.f Ald. Cp.B. Ald. Cp.B. Ald. Cp.B. 
ist quarter 12.0 54.8 20.6 48.0 16.3 53.4 13.9 55.1 
2nd quarter 11.6 59.5 21.5 — 16.2 51.0 13.7 59.0 
3rd quarter 10.3 54.3 21.9 52.8 16.0 52.8 12.6 54.2 
4th quarter 10.2 54.3 19.2 48.4 15.1 $3.3 13.5 54.5 
Mean 11.0 55.7 20.8 49.7 15.9 52.6 13.4 SS.7 
S.E. +0.45 +1.26 £0.59 +1.32 +0.27 +0.59 £0.54. 41.38 





*Aldosterone. 
tCorticosterone. 


those obtained from the four portions of the divided adrenals of the same group 
of rats agreed fairly closely. The standard error of the secretion rates of aldo- 
sterone ranged from +0.45 to +0.59 in the four experiments. 


In Vitro Effect of Growth Hormone on Adrenal Secretion of Steroids 

The first studies were designed to determine whether growth hormone had a 
direct effect on the secretion of aldosterone. Adrenal glands of 40 to 100 rats 
were quartered and divided into four equal portions. After an incubation 
period of 1 hour in 30 ml KRG solution, the medium was changed; one portion 
was used as internal control and to the other three varying amounts of porcine, 
monkey, and human growth hormone were added to the incubation solution. 


TABLE II 


Effect of growth hormone on in vitro secretion of aldosterone and corticosterone 











Growth hormone Weight tissue Aldosterone Corticosterone 
(mg/g tissue) (g) (ug/g/hr) (ug/g/hr) 
PGH 205-A* None 0.262 11.8 21.8 
0.042 0.254 9.9 20.5 
0.167 0.264 12.8 22.6 
0.418 0.264 ie 23.9 
MGH 462-Bt None 0.280 12.8 25.0 
0.039 0.258 13.9 27.4 
0.154 0.260 ea. 25.0 
0.368 0.272 12.6 26.0 
HGHt None 0.890 10.1 16.4 
0.181 0.940 10.9 15.3 
0.587 0.870 9.0 15.8 
1.085 0.940 9.0 — 





*Porcine G.H. (Wilhelmi). 
tMonkey G.H. (Wilhelmi). 
tHuman G.H. (Raben). 
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The incubation was continued for a further 2 hours. The results are shown in 
Table II. Forty rats were used in the first two experiments and 100 in the experi- 
ment with human growth hormone. Neither porcine, monkey, nor human 
growth hormone affected the in vitro secretion of aldosterone or corticosterone. 
The variations within each experiment were similar to those observed previously 
with control tissue only. The lower secretion rates of aldosterone and cortico- 
sterone in these experiments as compared to those listed in Table I are the 
result of the longer period of incubation. Normally the secretion of steroids 
from adrenal tissue incubated in Krebs—Ringer solution decreases with the 
duration of incubation. 


In Vivo Effect of Growth Hormone 

(A) Intact Rats 

Twenty-five intact rats were injected daily for 2 days with 0.9 mg of growth 
hormone. In one experiment porcine G.H. (Wilhelmi preparation 205-A) was 
used and in the other, monkey G.H. (Wilhelmi preparation 462-B). A similar 
number of control rats were given saline. The adrenals were removed 2 hours 
after the last injection and were quartered, and the total amount of tissue from 
each group of rats was incubated in 30 ml of KRG medium for 1 hour. The 
secretion rates of aldosterone and corticosterone are shown in Table III and 
represent those of the pooled tissue. The mean adrenal weight was not in- 
creased with growth hormone. 


TABLE III 


In vivo effect of growth hormone on adrenal secretion of steroids 








Adrenal weight 





(mean) Aldosterone Corticosterone 
(mg) (ug/g/hr) (ug/g/hr) 
1. Control rats 13.9 i.2 65.0 
G.H.-treated rats* 13.6 45.3 66.0 
2. Control rats 13.2 12.4 62.1 
G.H.-treated ratst 13.2 16.2 78.6 





*0.9 mg of porcine growth hormone, Wilhelmi preparation 205-A. 
+0.9 mg of monkey growth hormone, Wilhelmi preparation 462-B. 


The adrenals of the rats treated with porcine growth hormone secreted 
2.1 ug/g tissue/hour more than the controls; this difference, however, was 
within the error of the method. The monkey growth hormone 462-B caused an 
increase of 3.8 ug/g tissue/hour of aldosterone above the normal rate. As 
corticosterone was also increased, the possibility of an endogenous release of 
corticotrophin during the adrenalectomy was considered and further studies 
were carried out with hypophysectomized rats. 


(B) Hypophysectomized Rats 

Only monkey growth hormone was studied in these experiments. The 
preparation 462-B, which had not affected the in vitro production of aldosterone 
or corticosterone, was submitted to further purification and the purified 
hormone, now called 475-6C, was used. Four groups of hypophysectomized 
rats were treated with this highly purified Wilhelmi preparation of monkey 
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growth hormone; 0.5 mg was injected for 3 days and the adrenals were re- 
moved 2 hours after the last injection. Saline was administered to a corre- 
sponding number of control hypophysectomized rats in each experiment and 
the adrenals were removed in a similar manner. The period of hypophysectomy 
varied from 4 to 14 days and the number of rats in each group from 10 to 22. 
In each group of rats the adrenals were quartered and incubated in 30 ml of 
KRG solution. The results are shown in Table IV. The secretion rates of 


TABLE IV 


In vivo effect of growth hormone on adrenal secretion of hypophysectomized rats 











Length 
of time Mean 
hypophy- No. adrenal 
sectomized of weight Aldosterone Corticosterone 
(days) rats (mg) (ug/g/hr) (ug/g/hr) 
Expt. 1 Controls 4 5 8.0 13.6 35.7 
G.H.-treated* 4 5 7.8 19.8 27.6 
Expt. 2 Controls 11 10 8.0 9.9 8.5 
G.H.-treated* 11 10 8.0 20.8 10.6 
Expt. 3 Controls i1 11 7.2 11.9 11.3 
G.H.-treated* 11 11 7.9 17.9 8.9 
Expt.4 Controls 14 8 4.1 8.7 $.1 
G.H.-treated* 14 8 4.4 17.0 6.4 





*0.5 mg monkey growth hormone 475-6C (Wilhelmi) daily for 3 days. 


aldosterone were considerably higher in the adrenals of the hypophysectomized 
rats treated with monkey growth hormone than in the corresponding controls. 
This difference can be clearly seen on the paper strip scanned with ultraviolet 
light (Fig. 1). In the three experiments in which the rats had been hypophy- 
sectomized for 11 to 14 days before adrenalectomy, the mean secretion rate of 
aldosterone was 10.2 + S.E. 0.29 wg/g/hour. In the rats treated with growth 
hormone, the mean rate was 18.6 + S.E. 1.15 wg/g/hour. This difference was 
statistically significant, p = 0.01. Corticosterone secretion was unaffected 
by the administration of this purified preparation of monkey growth hormone. 

On the paper strips scanned with ultraviolet light from experiments 2 and 
3 (Fig. 1), the two polar compounds RT, and RT: appeared to be also increased 
by the administration of growth hormone. This zone was eluted and rechromat- 
ographed in the chloroform—formamide system and a better separation of these 
two substances was obtained. When measured by ultraviolet absorption at 
240 my, the secretion rate of RT, was more than doubled by the administration 
of growth hormone whereas RT; was not affected. 


Effect of Plasma of Rats Treated with Growth Hormone on Secretion Rates of 
Steroids 
Quartered adrenal glands from 32 to 40 normal rats were divided equally 
into two portions and were incubated for 3 hours with plasma obtained from the 
control and growth-hormone-treated hypophysectomized rats. The amount of 
plasma varied from 6 to 10 ml. In experiments 1 and 4, KRG solution was 
added to increase the volume of the incubation medium to 20 ml, while in 
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experiments 2 and 3, plasma only was used (Table V). The plasma of the 
growth-hormone-treated hypophysectomized rats increased the secretion rate 


TABLE V 


Effect of plasma of hypophysectomized rats treated with growth hormone on 
secretion of aldosterone and corticosterone by adrenals of normal rats 











Weight 
tissue Aldosterone Corticosterone 
(g) Incubation medium Source of plasma (ug/g/hr) (ug/g/hr) 

Expt. 1 0.302 6 ml plasma + 14 ml KRG Controls, hypx. 4 days 13.6 46.0 

0.344 6 ml plasma + 14ml KRG '  *G.H.-treated, hypx. 4 days 15.3 42.5 
Expt. 2 0.260 10m! plasma Controls, hypx. 11 days 10.4 21.9 

0.270 10m plasma *G.H.-treated, hypx. 11 days 19.5 21.2 
Expt. 3 0.260 10m! plasma Controls, hypx. 11 days 10.4 21.9 

0.260 10mil plasma *G.H.-treated, hypx. 11 days 13.5 — 
Expt. 4 0.340 10m! plasma + 10 ml KRG Controls, hypx. 14 days 13.8 25.3 

0.345 10ml plasma+10ml KRG  *G.H.-treated, hypx. 14 days 17.6 35.3 





*0.5 mg monkey growth hormone (475-6C) daily for 3 days. 


of aldosterone in the adrenals of normal rats without affecting the secretion rate 
of corticosterone. The mean aldosterone secretion rate in the last three experi- 
ments was 11.5 wg/g/hour + S.E. 1.13 with plasma from the controls and 
16.9 ug/g/hour + S.E. 1.77 with plasma from the growth-hormone-treated 
hypophysectomized rats. 


Discussion 


These investigations show that preparations of growth hormone obtained 
from pig, monkey, and man do not directly stimulate aldosterone secretion in 
the isolated rat adrenal gland. When hypophysectomized rats are treated with 
monkey growth hormone, the adrenals of these animals secrete, in vitro, 
increased amounts of aldosterone. This effect can be demonstrated more 
readily in rats which have been hypophysectomized for 11 to 14 days. While 
the administration of porcine and monkey growth hormone to intact rats 
caused a slight increase in aldosterone secretion the difference was not statis- 
tically significant. These results are in accordance with clinical findings in 
which the patient with impaired pituitary function excreted greater amounts of 
aldosterone following the administration of human growth hormone than the 
normal subject (8). The observation that the plasma of hypophysectomized 
rats treated with growth hormone will stimulate aldosterone secretion in the 
adrenals of normal rats suggests that it now contains some trophic factor for 
aldosterone synthesis and release. The nature of this substance is unknown. 
Farrell (9) has extracted a substance from the diencephalon and pineal body 
which does not influence the secretion of cortisol in decerebrate dogs but 
enhances the secretion of aldosterone. It is of interest that the secretion of 
one of the polar compounds, RT: was also increased by the administration of 
growth hormone. Giroud et al. (10) have shown that the compounds RT; and 
RT: are elaborated by the zona glomerulosa and are not secreted by the 
decapsulated gland. These compounds absorb ultraviolet light at 240-myz wave 
length but do not reduce blue tetrazolium. At present their identity is unknown. 
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EFFECTS OF CALCIUM ON THE POTASSIUM AND SODIUM CON- 
TENT OF RAT ADRENAL GLANDS, ON THE STIMULATION OF 
STEROID PRODUCTION BY ADENOSINE 3’,5’-MONO- 
PHOSPHATE, AND ON THE RESPONSE OF THE 
ADRENAL TO SHORT CONTACT WITH ACTH?! 


MARION K. BrRMINGHAM, ERIKA KURLENTs, R. LANE, 
B. MUHLSTOCK, AND H. TRAIKOV 


Abstract 


The potassium content of incubated rat adrenal tissue is significantly higher 
when calcium is present in the incubation medium than when it is absent. The 
effect of calcium on the sodium content of the adrenal depends upon the presence 
of ACTH; increased values are obtained with calcium in the presence of ACTH, 
decreased values in its absence. There is no correlation between the potassium or 
sodium content of the tissue and its ability to respond to ACTH. Adenosine 
3’,5'-monophosphate triples the steroid output of incubated adrenal glands in 
the absence of both glucose and calcium. Addition of calcium further doubles this 
response while glucose has only a small effect. The stimulation of steroid produc- 
tion following short contact with ACTH does not depend upon the presence of 
calcium or glucose in the medium during the time the glands are exposed to the 
hormone. The results suggest that some step between contact of the tissue with 
ACTH and the elaboration of adenosine 3’,5’-monophosphate requires the 
presence of glucose and not necessarily calcium and that a reaction in the sequence 
between elaboration of the nucleotide and steroid production requires the 
presence of calcium, but not of glucose. 


Introduction 


In 1953 Birmingham, Elliott, and Valére (1) reported that calcium was 
required for the response of rat adrenal glands to ACTH added in vitro but not 
for the endogenous steroid production. They suggested that calcium might 
permit freer access of ACTH to the cellular mechanisms involved in steroid 
production or that calcium might be a cofactor in one of the reactions required 
for steroid formation. Péron and Koritz (2) have found that the rat adrenal can 
respond to ACTH in the absence of calcium if the potassium concentration of 
the medium is increased and indicated that calcium may act by stimulating the 
entry of potassium into the tissue. These authors later observed a dramatic 
stimulation, by calcium, of steroid production by rat adrenal homogenates, 
a preparation which does not respond either to ACTH or to adenosine 3’,5’- 
monophosphate (3). The stimulation by calcium occurred only in the presence 
of glucose-6-phosphate and triphosphopyridine nucleotide. 

The present work indicates that addition of calcium indeed causes a statisti- 
cally significant increase in the potassium concentration of sectioned rat 
adrenal glands but that there is no relation between the concentration of 
potassium in the gland and its ability to respond to ACTH. The results show 


1Manuscript received April 13, 1960. 
Contribution from the Allan Memorial Institute of Psychiatry, McGill University, Montreal, 


Que. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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further that the stimulation of steroid production by adenosine 3’,5’-mono- 
phosphate is greatly enhanced by calcium but not by glucose and that neither 
calcium nor glucose appear to be required for the activation of the adrenal by 
short contact with ACTH. 

Methods 


Male Sprague-Dawley rats were anaesthetized with sodium pentobarbital 
and the adrenal glands were removed and cleaned. Whole, halved, or quartered 
glands were used as indicated. The incubation medium was either Ringer — 
0.025 M bicarbonate solution containing 0.01 M glucose or solutions modified 
by omitting glucose, by replacing calcium chloride with sodium chloride, and by 
increasing the potassium chloride concentration at the expense of the sodium 
chloride concentration. Sodium and potassium were measured with the 
Perkin-Elmer Model 52-C flame photometer using the internal standard 
method (4), and a propane flame. The tissue (20-60 mg) was digested for one- 
half hour on a sand bath at 140°C with 0.4 ml of concentrated nitric acid. 
Distilled water (20 ml) and 20% lithium nitrate (0.85 ml) were added, and the 
solution was centrifuged. The volume of solution was sufficient for a sodium 
and a potassium determination on the same sample. Three concentrations of 
standard solution, containing the same concentration of lithium nitrate and 
nitric acid as that of the sample, were read with each unknown. 

The sodium and potassium content of the tissue was based on the initial 
fresh weight of the tissue. An average increase in weight from the initial fresh 
weight of 0.7% + 1.8 (S.D.) was observed in seven experiments with glands 
incubated for 2 hours without ACTH, and an increase of 2.5% + 5.6 in five 
experiments with glands incubated with ACTH. 

Steroids were measured by ultraviolet absorption as described previously 
(5, 6). The use of this method for assessing steroid production by isolated rat 
adrenal sections is well justified (7, 8). Other experimental details are pre- 
sented with the results. 


Results 

A. Sodium and Potassium Content of Adrenal Glands 

Effect of Tissue Preparation and Incubation Time 

When intact adrenal glands were removed from the animal, cleaned, weighed, 
and placed in nitric acid as quickly as possible (a procedure that took about 
three minutes) values of 90 meq/kg + 9.8 (S.D.) were obtained for the potas- 
sium and 37 + 3.6 for the sodium content in five experiments. During storage 
in Ringer solution on ice for 40-50 minutes an average loss of 8 meq/kg potas- 
sium and a gain of 14 meq/kg sodium were observed in two experiments 
(Fig. 1a). With bisected adrenals, the changes during this period were much 
more marked, averaging 35 meq/kg in potassium and 55 meq/kg in sodium. 
Little further change occurred during subsequent incubation of 3 hours and 
nearly equal values were obtained with halved or whole adrenals at the end of 
this time (Fig. 10). 


Effects of ACTH, Calcium, and High Potassium in the Medium 
Incubation with ACTH had no significant effect on the potassium content of 





silk ha SABRES $3 eB 


ARIAT 2S 


Liaise 


























BIRMINGHAM ET AL.: EFFECTS OF Ca ON RAT ADRENAL GLANDS 

















100 ps ee Oe 0 
° _ es a ee 
E 2M “9 “tu 
iv ime 
ww ow 
o 
© 
pv 
: ™, 
| g 
= l lat 
120 150 210 
k 
3 © 
J x 
8 ~ 
a Co 
" S 
& 7 4 
? ~~ 40F S/ ' 
é we 4/ | 
; © / a 
‘ =20t // Iw 
3 =< 4 4 
a ais Zp we a8 
| O o&=—1 = 1 
q 30 60 90 
f MINUTES 
& Fic. 1. Effects of tissue preparation and incubation time on the sodium and potassium 


content of rat adrenal glands. In each graph similar symbols represent values obtained 
from the same tissue sample. Solid lines connect potassium values, broken lines sodium 
values, dotted lines values obtained from different tissues. Values to the left of the vertical 
broken line were obtained before incubation, during storage in Ringer solution on ice. 
W = whole glands. 


the glands (Table I). Further, no relation was apparent between the potassium 
or sodium content of the adrenals at the end of the experimental period and 
their response to ACTH. 

When adrenals were incubated in Ringer-bicarbonate medium which con- 
tained calcium, significantly higher potassium values were obtained than when 
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5 TABLE I 
; Sodium and potassium content of bisected rat adrenals incubated with and without ACTH 
4 Potassium Sodium Steroid production 
( (meq/kg) (meq/kg) (ug/100 mg/hr) 
3 No ACTH ACTH* No ACTH ACTH No ACTH ACTH 
4 40 37 ~ _ 11.7 31.9 
-) 37 34 — —_— 13.8 41.5 
: 52 50 94 91 14.9 42.3 
z 72 69 — — 12.5 26.8 
{ 56 56 —_ — 12.8 23.8 
; 49 $1 138 131 11.5 37.2 
; 41 46 106 98 7a 26.4 
a 43 44 102 96 8.5 30.0 
A 
E Mean difference —0.4 —6.0 20.9 
3 S.E. of difference 

between pairs 0.8 2a 2.1 





*200 milliunits/100 mg fresh weight. 
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calcium was omitted from the incubation medium (Table II). This effect was 
less marked in the presence of ACTH, and in medium containing high concen- 
trations of potassium. Calcium caused a lowering of sodium values in the 
absence of ACTH while the opposite effect was observed when ACTH was 
present. 


TABLE II 


Effects of calcium and of high potassium concentration* on the sodium and 
potassium content of rat adrenal glands and on steroid production 














Potassium content Sodium content Steroid production 
(meq/kg) (meq/kg) (ug/100 mg/hr) 
No Ca Ca No Ca Ca No Ca Ca 
Bisected adrenals (two experiments averaged) 
No ACTH 44.5 a1.5 £15.5 103.5 7.6 9.0 
ACTH 37.5 47.0 109.0 126.0 14.7 19.6 
Quartered adrenals (threé\experiments averaged) 
No ACTH 31.0 41.0 126.0 118.3 6.3 7.0 
ACTH 32.0 38.0 121.0 27.3 11.0 23.0 
High K, no ACTH 74.7 80.3 110.0 2:3 8.7 6.3 
High K, ACTH 70.0 69.0 $2.7 69.3 20.3 23.8 
Effect of calcium 
No ACTH N=8t + 7.6+2.9 —20.0+ 6.7 +0.2+0.7 
ACTH N=8f + 4.2+2.6 +12.9+ 4.8 +8.1+3.2 
Normal K N=6f + 8.0+2.5 — 0.7+ 6.5 +8.04+3.4 
High K N=6t + 2.343.6 —10.34+14.0 +2.342.6 
Effect of high potassium concentration 
No calcium N =6t +40.8+3.9 —42.0+17.0 +6.2+2.1 
Calcium N=6t +33.5+6.0 —50.0+10.7 +1.0+1.1 





ee concentration of the medium, nil or 5 meq/liter; potassium concentration 5 megq/liter, or 50 meq/liter 
(high K). 

TEight differences were averaged. Each experiment with bisected adrenals contributed one value, each experiment 
with quartered adrenals contributed two values, one obtained with low, and one with high potassium concentration. 

tSix differences, obtained from experiments with quartered adrenals, were averaged. Each experiment contri- 
buted two values, one obtained in the absence, the other in the presence of ACTH. 

Note: For effect of calcium and high potassium concentration, standard errors of differences between paired 
values are given. Values set in italics are significant at the 0.01 or 0.05 level. 


An increase in the potassium concentration of the medium to 50 meq/liter 
resulted in an average increase of 37 meq/kg in the potassium content of the 
tissue, and in a fall of 46 meq/kg in the sodium content. 

The steroid values demonstrate again the failure of calcium to affect the 
unstimulated steroid production of isolated rat adrenals (1) or to affect the 
production in medium of high potassium concentration (2). Conversely a high 
potassium concentration of the medium had no effect on the unstimulated 
steroid production and on the steroid production in the presence of calcium ions. 


B. Effects of Calcium and of Glucose on the Stimulation of Steroid Production by 
Adenosine 3',5'-Monophosphate 
Haynes et al. (9) have shown that adenosine 3’,5’-monophosphate (3’,5’- 
AMP) is more effective than ACTH in stimulating the steroid production by 
isolated rat adrenal glands. It was of interest, therefore, to determine whether 
the adrenal also requires the presence of calcium and glucose for the response 
to the nucleotide as it does for the response to ACTH. The results are shown 
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in Table III. In the absence of both glucose and calcium, addition of 10 zmoles 
of 3’,5’‘-AMP per ml medium tripled the steroid output. Glucose had only a 


TABLE III 


Effects of calcium and of glucose on the stimulation of steroid production by 
quartered adrenals with adenosine 3’,5’-monophosphate 








Steroid production during: 





Steroid 
production Addition 2nd hr in 
during for Ringer- 
Presence of glucose preincubation, 1st hr of 1st hr of bicarbonate— 
and calcium 1 hr incubation incubation glucose only 





Experiments 1 and 2 
During preincubation and 
1st hr of incubation 


None 9.6+0.8 None $.9+20.5 6.4+0.4 
None 10.2+0.1 3’,5’-AMP 17.2+1.4 14.6+2.8 
Glucose present 10.8+0.6 3’,5’-AMP 20.0+3.5 15.6+2.6 
Calcium present 10.3+1.0 3’,5’-AMP 26.4+3.6 21.6+4.0 
Both present 11.2+0.4 None 8.8+0.2 10.0+1.0 
Both present 10.5+0.1 3’,5’-AMP 33.1+0.9 28.54+2.1 
Both present 10.3+0.3 ACTH 22.6+0.2 22.5241.4 
Both present 11.0+0.0 ACTH; 3’,5’- 

AMP 31.0+1.9 33.4+4.2 

Experiment 3 
During 1st hr of Glucose and 
incubation calcium absent 

None 12.3 ACTH 11.35 12.3 
None 12.0 ACTH; 3’,5’- | 

AMP 17.3 15.6 
Both present 12.2 ACTH 16.8 17.2 
Both present 13.6 ACTH; 3’,5’- 

AMP 26.4 29.1 





Norte: Steroid production, ug/100 mg fresh wt.; glucose, 0.01 M; Ca, 5 meq/liter; ACTH (U.S.P.) 200 milli- 
units/100 mg fresh wt.; 3’,5’-AMP (Sigma) 10 mmoles/liter in experiments 1 and 2; 7.5 mmoles/liter in experi- 
ment 3. The nucleotide was neutralized before addition to the medium. In upper part of table mean values and 
deviations between two separate experiments are shown. In these experiments each rat contributed one adrenal 
quarter, in experiment 3 it contributed two adrenal quarters to each tissue sample. Values in a horizontal row 
were obtained from the same tissue sample during successive incubation periods. 


slight additional effect, while calcium doubled the response to the nucleotide. 
In confirmation of the results of Haynes et al., 3’,5'-AMP caused an increase in 
steroid production even in the presence of a maximal concentration of ACTH. 
Analogous to the effect of high, but not of low, concentrations of ACTH (8, 10) 
the response to the nucleotide persisted even after the medium had been re- 
placed with plain Ringer—bicarbonate—glucose solution after the first hour of 
incubation. Incomplete removal of medium containing the nucleotide could 
not account for the prolonged stimulation as 3’,5’-AMP did not exert any 
significant effect in these experiments when its concentration was reduced to 
0.001 M. 

The very slight response to ACTH in the last experiment shown in Table II] 
may be ascribed to preincubation of the tissue in calcium- and glucose-free 
medium. This adverse effect of calcium and glucose deprivation during prein- 
cubation was noted repeatedly, and was found to be reversible, as adrenals re- 
covered their ability to respond during the second hour of incubation (Table 
IV). 
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TABLE IV 
Delayed response to ACTH after preincubation of adrenals in calcium- and glucose-free medium 








ug steroid produced during: 








Preincub. (1 hr) 1st hr incub. 2nd hr incub. 
Experiment 1 Glucose and calcium absent; Glucose, calcium, and ACTH added 
versene added in (0) each hr in fresh medium 
(a) 13.5*+1.2 18.8+1.6 31.8+2.2 
(d) 11.0 +0.8 12.0+0.1 22.0+0.5 
Experiment 2 Glucose and calcium absent in Additions as above 
(a), both present in () 
(a) 14.0 12.0 24.2 
(b) 15.9 23.0 25.6 





Note: Versene, 1 mg/ml; other additions as in previous experiments. ; 
*Mean value and deviation obtained from duplicate tissue samples of the same experiment. 


C. Effects of Calcium and of Glucose on the Response of the Adrenal to Short 
Contact with ACTH 
Adrenals respond to a 5-minute contact with ACTH by increased steroid 
output during subsequent incubation in ACTH-free medium, suggesting a 
binding of the hormone to the gland (8). It was thought that calcium might be 
required for this effect. Table V clearly indicates that this is not the case. 


TABLE V 


Response of adrenals to short contact with ACTH in 
the presence and absence of calcium and glucose 


A. Effects of calcium 








Conditions during 5 minutes following preincubation 











Nocalcium, Calcium, Nocalcium, Calcium, 
no ACTH no ACTH ACTH ACTH 
Conditions during Steroid production during following hour, 
preincubation period in ACTH-free Ringer—bicarbonate—glucose 
of 1 hr* solution 
Ca absent 3:2 3.2 10.3 11.8 
Ca present, tissue not washed 12.6 10.1 16.5 19.8 
Ca present, tissue washed three times 5.0+0.8 14.8+1.8 





B. Effects of glucose 








Conditions during 5 minutes following preincubation 











No glucose, No glucose, Glucose, 
no ACTH ACTH ACTH 
Conditions during Steroid production during following hour, 
preincubation period in ACTH-free Ringer—bicarbonate—glucose 
of 1 hr solution 
Glucose present 8.6+4.2 20.0+3.0 
Glucose absent 19.2+0.4f 13.2+0.5f 
Glucose absent 22.621.23 20.8+0.0t 





Note: ACTH, Connaught, Lot 34, 100 milliunits/100 mg fresh weight. Calcium and glucose concentrations as in 
previous experiments. : : - 

*Glucose present in all samples during preincubation. 

+Calcium present in all samples during preincubation. 

{Deviation between duplicate tissue samples of the same experiment; all other deviations are between values 
obtained from two separate experiments. 
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However, calcium must be present during the following incubation in ACTH- 
free medium for optimal response but the addition of calcium may be de- 
layed for } hour without any untoward effect (Fig. 2). 
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Fic. 2. Effect of calcium addition on the steroid production of adrenals following 
exposure to ACTH for 5 minutes in calcium-free medium. (1) Adrenals not exposed to 
ACTH and incubated in calcium-free medium, (2) in calcium-containing medium. (3) 
Adrenals exposed to ACTH and receiving calcium immediately after exposure, (4) 30 
minutes after exposure. 


The presence of glucose at the time of contact of the adrenals with ACTH 
was not only not required, but appeared to be, if anything, inhibitory (Table V). 


Discussion 


The decrease in potassium and increase in sodium content of rat adrenal 
glands during incubation and the effect of increasing the potassium concentra- 
tion of the medium recall similar findings with brain (11, 12) and with liver (13). 
As with liver, changes in sodium content with incubation were greater than 
changes in the potassium content. Whether the effect of calcium on adrenal 
potassium content was caused by retention of tissue potassium or by re-entry 
of potassium from the medium cannot be said from these experiments. Reiter 
(14) observed that strips of heart muscle depleted of potassium by cooling 
cannot reabsorb this ion in calcium-free medium but that addition of 3 mmoles 
/liter calcium permits reabsorption. A decline in sodium values accompanied 
the elevation in potassium levels due to calcium only in the absence of ACTH. 
The reason for the increase in the sodium content of the adrenal upon addition 
of calcium to ACTH-containing medium is not known. The effect is apparently 
not related to attachment of ACTH to the tissue because response to short 
contact with ACTH was independent of the presence of calcium while the gland 
was being exposed. The lack of correlation between response to ACTH and 
potassium content of the gland, the small effect of calcium on the potassium 
level and the fact that the adrenal maintains and often improves its ability to 
respond to ACTH with incubation time indicate that the potassium level of the 
gland is not critical for the effectiveness of the hormone. 

The effect of calcium on the stimulation of steroid production by 3’,5’-AMP 
was significant, although not as marked as that on the response to ACTH, and 
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supports the concept put forth by Haynes ef al. that the activity of ACTH is 
mediated through this nucleotide. If 3’,5’-AMP stimulates steroid synthesis by 
activating phosphorylase activity, glucose would not be required for the 
response to the nucleotide and it did have little effect. The site of calcium 
action could therefore be associated with activation of phosphorylase or, in 
view of the results of Koritz and Péron, more likely with subsequent steps 
leading eventually to the production of corticoids. The findings of these authors 
with homogenates, which indicate that a reaction following the reduction of 
TPN by glucose-6-phosphate is stimulated by calcium, may thus also apply to 
sectioned glands. There are, however, important differences between the 
effect of calcium on steroid production in sectioned glands and in homogenates. 
The optimal calcium concentration for homogenates is close to 20 mmoles per 
liter (3), while the lowest concentration supporting maximal steroid production 
by bisected glands is 0.5 mmole per liter (1). Calcium has no effect on the ste- 
roid production by sectioned glands in the absence of ACTH whereas it is effect- 
ive in homogenates which cannot respond to ACTH. Homogenates respond to 
calcium in medium of high potassium concentration, while sectioned glands no 
longer require calcium when the potassium concentration is raised. It is 
conceivable, and likely, that calcium exerts its effect at several levels. It is 
known to affect the colloidal state of cellular structures, the activity of purified 
enzyme preparations, and the permeability of cell membranes (15, 16). Calcium 
has been located in cell nuclei and cell walls, associated with nucleic acid (17). 
The intracellular concentration of the free ion is apparently only a fraction of 
the total calcium content of the tissue (17, 18). 

A major role of calcium concerned with the attachment of ACTH to the 
tissue appears to be ruled out as adrenals responded to short contact with 
ACTH even though no calcium was present during the period of exposure to 
the hormone, and calcium had an effect even after delayed addition. The 
adverse but reversible effects of preincubation in calcium-free medium indicate 
that calcium must penetrate into the tissue to permit the response to ACTH. 

Lopéz, White, and Engel (19) present evidence that calcium does facilitate 
the attachment of ACTH to adipose tissue. Both ACTH and epinephrine 
increase lipolysis, both activate phosphorylase, but only the action of ACTH 
is enhanced by calcium. 

The requirements of calcium for the activity of other tissues may be recalled. 
These include the release of acetylcholine at nerve endings (20) and the feeding 
response of Hydra to reduced glutathione (21), as well as well-known effects on 
muscular activity. 

The interdependence of glucose and ACTH is also not understood. Glucose 
permits optimal response to ACTH but cannot influence steroid production in 
the absence of the hormone (22). Inosine behaves in the same manner, indi- 
cating that hexokinase activity is not limiting (7). These facts also demonstrate 
that 3’,5’-AMP, which is highly effective in the absence of ACTH, does not act 
as a donor of carbohydrate even though substrate concentrations of the cyclic 
nucleotide were required to elicit a response. It is, further, hard to conceive 
why the main function of this nucleotide in eliciting increased steroid production 
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should be the facilitation of phosphorylase activity, since glucose, which should 
readily be converted to glucose-6-phosphate is without effect on steroid pro- 
duction in the absence of ACTH. The present work shows that glucose is not 
required for the attachment of ACTH to the tissue and previous work has 
indicated that ACTH activity is apparently not associated with increased 
glucose utilization (22, 23). Possibly glucose is needed for the synthesis of 
3’,5’-AMP or for the access of ACTH to intracellular sites. 
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TISSUE CHOLINESTERASE LEVELS IN SARIN POISONING! 
J. F. ScAIFE AND J. SHUSTER 


Abstract 


The cholinesterase activity of brains and muscles from animals which have been 
treated with the enzyme inhibitor sarin can be estimated by a method which 
removes unreacted sarin present in the tissues. The method has been used to 
investigate the levels of cholinesterase activity in the brain, diaphragm, and 
gastrocnemius muscles of rats and guinea pigs at different times after various 
doses of sarin. Brain cholinesterase activity was found to be the earliest and most 
easily inhibited, followed by that of the diaphragm and gastrocnemius muscles. 
Spastic paralysis of the hind limbs of rats could be induced by sarin without any 
appreciable inhibition of the cholinesterase activity of their gastrocnemius muscles. 
The brains of rats and guinea pigs showed an appreciable natural reactivation of 
the cholinesterase activities after sublethal doses of sarin. This effect could not 
be duplicated in vitro. 


Introduction 


A number of investigations have been made on the levels of cholinesterase 
activity in different tissues after administration of sarin to animals (1-3). These 
workers have shown that a natural reactivation of the enzyme activity occurs 
after sublethal doses of sarin. The initial rate of reactivation has been reported 
to be rapid followed by a longer, slower period of recovery (1, 2). Similar 
findings have been reported for diisopropyl-phosphorofluoridate (DFP) (4, 5). 
Recent investigations have demonstrated that this initial rapid recovery can 
often be accounted for by the destruction, or loss from the tissues, of extra- 
cellular inhibitor (6, 7). They also indicated that many of the earlier values for 
tissue cholinesterase levels in animals treated with sarin (or other inhibitors) 
were probably far too low because of the failure to realize that extracellular 
inhibitor could further react with the enzyme once the tissue was homo- 
genized. The drying of tissues and the extraction of unreacted inhibitor with 
chloroform was proposed to avoid the above difficulty, but this method has 
recently also been criticized by other workers (3), on the basis that spontaneous 
reactivation of the inhibited enzyme might occur during preparation of the 
tissues. 

The present work was aimed at confirming the necessity for the removal of 
extracellular inhibitor from the tissues of animals poisoned with sarin, prior 
to the estimation of their residual cholinesterase activity, and an examination 
of the activity of this enzyme in the tissues of animals so treated under various 
conditions. The method of Kewitz and Nachmansohn (7) was modified by 
immediately freezing the tissue to reduce the possibility of either enzyme 
inhibition or reactivation once the tissue was removed from the animal. 


Methods and Materials 


Preparation of Tissues 
Brains.—The animals were decapitated, the intact brains removed and 


‘Manuscript received in original form February 1, 1960, and, as revised, June 1, 1960. 
Contribution from the Defence Research Kingston Laboratory. 
Issued as DRKL Report No. 85. 
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rinsed in cold Krebs—Ringer solution, then swabbed free of excess liquid. They 
were then immediately placed in 20-ml beakers in a freezing bath of alcohol — 
solid carbon dioxide. The frozen brains were then freeze-dried, care being taken 
that no thawing occurred, and the dry brains weighed. Each brain was then 
extracted four times at room temperature with 10 ml of dry chloroform (in a 
desiccator) for a total period of 8-12 hours. After each extraction the chloro- 
form was removed by suction. The residual chloroform remaining in the tissues 
after the last extraction was removed under vacuum at room temperature. The 
samples were then stored in vacuum over P,Q; in the cold until required for 
analysis. 

Muscles.—The diaphragm and gastrocnemius muscles were excised and freed 
of any tendenous attachments or connective tissue, rinsed in cold Krebs— 
Ringer solution, swabbed dry, and immediately frozen, followed by freeze- 
drying and chloroform extraction in the same manner as described for brains. 
The dry muscles were then milled through a Wiley micro mill to pass a number 
40 mesh sieve. The powdered samples were then weighed. Unlike brains, the 
muscles showed no appreciable loss of weight on chloroform extraction. 


Preparation of Homogenates 

Brains.—All homogenates were made with a Potter-type teflon homogenizer. 
The brains of untreated animals were homogenized directly in Krebs—Ringer 
solution (1+4 on a wet weight basis). The average dry weight of brains was 
found to be 20.4% and sufficient Krebs—Ringer solution was added to the dry 
crushed brain material in the homogenizer to reconstitute it to the full wet 
weight. An additional volume was then added to equal four times the wet 
weight and the tissue thoroughly homogenized. The volume of homogenate 
used in each determination was 0.2 ml. 

Muscles.—The average dry weight of rat gastrocnemius muscles was found 
to be 23.8% and of diaphragms 28.1%. The powdered samples were transferred 
to the homogenizer and reconstituted with Krebs-Ringer to the wet weight, 
then homogenized in a volume equal to four times the wet weight. A volume of 
0.9 ml was used for each determination. 





Manometric Estimation of Cholinesterase Activity 

Estimations were made at 37° C in single arm Warburg vessels at pH 7.43 
under the following conditions: 1.5 ml of 0.05 M sodium bicarbonate, 0.5 ml of 
0.6 M sodium chloride, 0.1 ml of 0.3 M acetyl choline bromide. The homogenate 
was then added and the fluid volume adjusted to 3.0 ml with water. The gas 
phase was 5% carbon dioxide in nitrogen. In expressing the results in this work 
the enzyme activity has been expressed as yl of carbon dioxide evolved under 
the above conditions. 





Animals 
Rats were albino males, 150-250 g. Guinea pigs were both male and female 
albinos of 600—900 g. 


Results 


A comparison of the cholinesterase activities of the left and right sides of 
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longitudinally cut normal rat and guinea pig brains showed no significant 
differences, and the values agreed with the mean values obtained from a series 
of whole brain determinations, as is shown in Table I, and also with the reported 
values of other workers. Consequently comparisons of the effects of different 
treatments upon the method of estimating cholinesterase activity could be made 
using half brains. 


TABLE I 


Cholinesterase activity* of normal rat 
and guinea pig brains 








ul/min/mg wet weight 








Rat Guinea pig 
Whole brain 0.185 +0.009 0.160 +0.008 
Left side 0.189+0.012 0.162 +0.010 
Right side 0.188+0.012 0.161+0.010 





*Mean value + standard deviation. 


The effects of freeze-drying and of chloroform extraction on normal brains 
and on brain homogenates are shown in Table II. It will be seen that freeze- 
drying caused some loss of enzyme activity in the whole brain tissue which did 
not occur when homogenates were freeze-dried. 


TABLE II 


The effect of freeze-drying and chloroform extraction 
on the cholinesterase activity of normal rat brains 
and brain homogenates 








ul/min/mg wet weight 





Fresh 0.185 +0.013 

Freeze-dried 0.170+0.012 

Freeze-dried 0.169+0.010 

Freeze-dried, chloroform 0.169+0.010 
Homogenates 

Fresh 0.184+0.010 

Freeze-dried 0.183+0.010 





The effects of freeze-drying and of chloroform extraction on brains from 
animals treated with sarin are shown in Table III. It will be seen that the values 
obtained after either the freeze-drying process alone, or after the subsequent 
treatment with chloroform, are appreciably higher than those obtained from a 
direct homogenate of the fresh tissue of the corresponding half brain. In con- 
trast the immediate freeze-drying and chloroform extraction of a homogenate 
from a sarin-treated animal did not cause any increase in the enzyme activity. 
Repeated treatments with chloroform beyond those described in the method 
did not increase the values further. 

Natural reactivation (or regeneration) of brain cholinesterase was followed 
in both rats and guinea pigs after the animals had received sublethal doses of 
sarin. Groups of approximately 30 animals were injected subcutaneously with 








1090 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


TABLE III 


The effect of freeze-drying and chloroform extraction on the cholinesterase activity 
of the brains from sarin-treated rats and guinea pigs 














Treatment 
Sarin Chloroform 
(ug/kg) Fresh Freeze-dried extracted 
Rat 90 0.037 +0.015 0.077 +0.020 0.097 +0.021 
125 0.028 +0.022 — 0.060 +0.023 
150 0.022+0.021 —_ 0.053 +0.022 
150 (homogenate) 0.021 _ 0.022 
Guinea pig 30 0.037 +0.010 0.054+0.012 0.070+0.011 





sarin dissolved in propylene glycol at the doses specified in Table IV. After 
3 hours any dead animals were discarded, and brain cholinesterase values were 
obtained as described above on a randomly selected number (8-10) of the 
survivors. The rest of the group was kept under normal conditions and further 


assays made at appropriate times. The results are in Table IV. 


TABLE IV 


Reactivation in vivo of brain cholinesterase of rats 
and guinea pigs after injection with sarin 























Time (hr) 
Sarin 
(ug/kg) 3 48 312 
Rat 90 0.098 +0.020 0.121+0.018 0.143+0.017 
3 50 150 
Guinea pig 30 0.070+0.011 0.085 +0.009 0.097 +0.010 
35 0.032 +0.011 ~- 0.085 +0.009 
TABLE V 


Cholinesterase levels* in brain, diaphragm, and gastrocnemius muscles 
of rats following the administration of sarin 











Sarin ; : 
(ug/kg) Brain Diaphragm Gastrocnemius 
0 0.185 +0.009 0.026+0.0025 0.018+0.0022 
100 Onset of hind limbs’ 
paralysis 0.067 +0.010 0.018 +0.0028 0.018 +0.0022 
125 At point of death 0.059 (5) 0.012 0.012 
150 Onset of hind limbs’ 
paralysis oa — 0.017 +0.0022 
250 At point of death 0.055 (5) 0.011 0.008 
250 At point of death 
(with atropine) 0.053 +0.012 0.007 +0.0005 0.002 +0.0004 
300 At point of death 0.050 (4) 0.010 0.010 





*Mean value + standard deviation. 


Other values are means of fewer experiments (parentheses) than those given standard deviations. 


Attempts were made to duplicate in vitro the natural reactivation found in 
the brains of both rats and guinea pigs, given sublethal doses of sarin. Guinea 





AEA tL RI EOE LDA, EE, 


ORK Fe ORE Te 











- 
> 
. 
r 


in 














SCAIFE AND SHUSTER: TISSUE CHOLINESTERASE 1091 





pigs were killed 3 hours after the administration of 30 ug/kg of sarin and the 
whole brains removed under sterile conditions and divided longitudinally into 
two parts. One half was placed in either sterile Krebs-Ringer solution con- 
taining small amounts of penicillin and streptomycin, or else in 50% sterile 
glycerine-water and incubated at 37° C for 5 days, after which it was frozen and 
freeze-dried and the cholinesterase activity determined as described above. 
The other half, which served as a control, was immediately frozen and cholin- 
esterase determined in a like manner. No evidence of any reactivation in vitro 
could be detected in these samples, although the brains of normal guinea pigs 
treated in a like manner still retained 90% of their original activity after 
5 days at 37°C. 

Integrated studies of the cholinesterase activity of brain, diaphragm, and 
gastrocnemius muscles were made on rats given different doses of sarin and 
examined at various times after the injection. In one experiment rats were 
given sarin at 100 wg/kg and killed as soon as the typical spastic paralysis of 
the hind limbs had become evident. This was usually 10—20 minutes after the 
injection of sarin. The results, given in Table V, showed that this paralysis 
could take place without any significant depression of the cholinesterase values 
of the gastrocnemius muscles, although brain values were always appreciably 
lower than in normals. Increasing the dose of sarin and permitting the animals 
to reach the point of death before killing did not cause much further reduction 
in brain cholinesterase values, but did reduce considerably the values in both 
diaphragm and gastrocnemius muscles. This was especially noticeable if the 
animals were given atropine sulphate (intramuscular) 15 minutes before the 
sarin at a level of 12.5 mg/kg. The time of death with sarin at a level of 
250 wg/kg was approximately 15 minutes. When atropine was given prophy- 
lactically the time to death could be increased to 25-40 minutes with a corre- 
sponding reduction in the muscle cholinesterase values. 


Discussion 


The equivalence of the cholinesterase activities of the right and left longi- 
tudinal halves of both rat and guinea pig brains made possible an evaluation of 
the effects of freeze-drying and chloroform extraction on the activity of this 
enzyme. It was found that freeze-drying caused a loss of activity of approxi- 
mately 8%. Chloroform treatment of the freeze-dried material did not cause 
any further loss of enzyme activity of normal brains. This loss could not be 
reduced by freezing the brain tissues very rapidly by pressing between two 
blocks of solid carbon dioxide. By contrast there appeared to be no loss of 
activity when a homogenate was lyophilized, but this observation was of little 
significance to the present investigations for the reasons already outlined above. 
Kewitz and Nachmansohn claimed that in their hands the freeze-drying of 
tissues containing inhibitor gave results that were somewhat lower than those 
obtained by their vacuum drying method, because some thawing of the tissue 
occurred during preparation. A critical evaluation of this has not been made in 
this work, but it is felt that little possibility of enzyme—inhibitor interaction 
would exist in a tissue rapidly frozen and so maintained until practically dry. 
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It was possible to demonstrate that brain homogenates that were prepared 
from animals given sarin and were immediately frozen, freeze-dried, and 
chloroform extracted did not show an increased enzyme activity over those of 
the fresh homogenates. These observations, while demonstrating the necessity 
for the removal of extracellular sarin from intact tissues, also would suggest 
that reactivation of inhibited enzyme does not occur during tissue preparation 
by the above methods, as has been suggested by other workers (3). 

The effect of freeze-drying and chloroform extraction of brains from animals 
given sarin as shown in Table III is striking confirmation of the results of 
other workers and clearly demonstrates the ability of extracellular, possibly 
lipid-absorbed inhibitor, to react further with intracellular enzyme once the 
tissue structure has been disrupted. The involvement of lipids in the retention of 
extracellular inhibitor was suggested by Kewitz and Nachmansohn, who found 
that the differential effect of chloroform extraction was less in diaphragm than 
in brain. The increased cholinesterase activity of sarin-containing tissues 
following freeze-drying alone is possibly due to the evaporation of inhibitor 
during the process. These findings thus strengthen the existing doubts (7) 
about the validity of some of the earlier work concerned with enzyme levels or 
regeneration in tissues following anticholinesterase treatment in which no 
precautions were taken to ensure the removal of unreacted excess inhibitor 
(1, 4, 5). Owing to the rapidity with which sarin is destroyed in most tissues, 
this differential effect will disappear with increasing time after the administra- 
tion of sarin; it has been claimed to be negligible after 24 hours in the case of 
(DFP) (6, 7). 

The results of Table IV show that a natural reactivation of brain cholin- 
esterase does occur in both rats and guinea pigs, but the rapid initial reactiva- 
tion claimed by some workers (1, 4, 5) can possibly be explained by the above 
findings involving extracellular inhibitor. This suggestion is further strength- 
ened by the unusually low enzyme activities reported, often less than 5% of 
normal. The results of this work would indicate that with sarin poisoning, 
death occurs when brain cholinesterase levels fall below approximately 25% of 
normal, in agreement with the results of other workers (3). The present data 
do not distinguish between a true reactivation of inhibited enzyme or the 
regeneration of new enzyme by metabolic resynthesis, but the slow rate of 
recovery would indicate the latter probability. 

The results of the integrated study of brain, diaphragm, and gastrocnemius 
muscles of animals injected with sarin clearly show that brain is the first and 
most easily inhibited organ, while some time is required for the enzyme activity 
of the gastrocnemius muscles to be affected. Undoubtedly, however, these 
findings would be influenced to some extent by both the site and route of 
administration of the inhibitor. It should also be noted that the level of enzyme 
activity in the brain at death is apparently very dependent upon the nature of 
the inhibitor. Thus with DFP it can be as low as 5% (7) while with octamethyl 
pyrophosphoramide (OMPA) it has been stated as 90% of normal (8). The 
initial spastic paralysis of the gastrocnemius muscles of rats produced by 
moderate doses of sarin can thus be regarded as a central effect and not due 
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to the peripheral action of the inhibitor on the neuromuscular junction, although 
undoubtedly such effects become manifest with increasing time. These bio- 
chemical observations thus support the physiological findings of Stewart (9) 
on the action of sarin in the rat. 


References 


F. W. OBERsT and M. K. CHRISTENSEN. J. Pharmacol. Exptl. Therap. 116, 216 (1956). 

B. S. CoHEN, F. W. OpBerst, J. W. Crook, and C. Harris. J. Pharmacol. Exptl. Therap. 
116, 209 (1956). 

L. C. BLABER and N. H. Creasey. Biochem. J. 71, 7 P (1959). 

G. B. KoELLE and A. Gitman. J. Pharmacol. Exptl. Therap. 87, 421 (1946). 

A. M. FREEDMAN, A. WILLIs, and H. E. H1mmwicu. Am. J. Physiol. 157, 80 (1949). 

H. Kewitz. Arch. Biochem. Biophys. 66, 263 (1957). 

H. Kewitz and D. NacuMansoun. Arch. Biochem. Biophys. 66, 271 (1957). 

K. P. Dusots, J. DouLt, and J. M. Coon. J. Pharmacol. Exptl. Therap. 99, 376 (1950). 

W. C. Stewart. Can. J. Biochem. and Physiol. 37, 651 (1959). 


Ne 


O20 ID se we 














CHANGES IN HEPATIC ENZYME LEVELS 
AFTER ADRENALECTOMY 


I. PHOSPHORYLASE, PHOSPHOGLUCOMUTASE, 
AND PHOSPHOGLUCOSEISOMERASE' 


J. S. WILLMER 


Abstract 


The effect of adrenalectomy upon the enzymes phosphorylase, phosphogluco- 
mutase, and phosphoglucoseisomerase has been studied. Adrenalectomy reduces 
the activity of these enzymes in the liver by approximately 30%. The glucogenic 
steroids cortisone, hydrocortisone, and corticosterone are capable of maintaining 
an elevated level of phosphorylase and phosphoglucoseisomerase. The two former 
hormones and progesterone exert a similar effect upon phosphoglucomutase. A 
comparison has been made between the influence of starvation and adrenalectomy 
upon these enzymes. The results indicate that anorexia is not the cause of lowered 
enzyme levels in adrenalectomized rats. 


Introduction 


The possible role of hormones in regulation of tissue enzyme levels and 
activities is an area of research which has attracted considerable attention and 
produced many conflicting results. With particular reference to the hormones 
of the adrenal cortex, influences have been observed upon transaminases (1-4), 
arginase (5-7), and glucose-6-phosphatase (8-10), to give only a few examples. 
If we accept that the predominant function of the C-11 oxysteroids is connected 
with gluconeogenesis, as demonstrated by Long, Katzin, and Fry (11), then 
the importance of the effects of corticoids upon transaminase activity may be 
appreciated. The finding by Winternitz, Dintzis, and Long (12) that hydro- 
cortisone influences the conversion of glucose or fructose per se into glycogen 
in the adrenalectomized rat would, however, indicate a further mode of action 
of these steroids in carbohydrate metabolism. 

The present investigation does not concern gluconeogenesis, but rather the 
effects of adrenalectomy and individual adrenal steroids upon the enzymes 
responsible for glucose metabolism, and the relative activity of alternate 
pathways of glucose metabolism. The enzymes studied were phosphorylase, 
phosphoglucomutase, and phosphoglucoseisomerase of the Embden—Meyerhof 
glycolytic pathway. 


Methods 


Male albino rats of the Wistar strain (weight 80-90 g) were bilaterally 
adrenalectomized under Nembutal anaesthesia by the dorsal approach tech- 
nique, and maintained postoperatively on fox cubes and drinking water 
containing 1% sodium chloride and 10% glucose. Sham operations were 
performed upon similar animals which were maintained in the same way. 

The failure of purely in vitro investigations of a similar nature to yield posi- 
tive and unequivocal evidence concerning the possible role of adrenal steroids 

'1Manuscript received May 3, 1960. 


Contribution No. 31, Animal Research Institute, Research Branch, Canada Department 
of Agriculture, Ottawa, Ontario. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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in enzyme regulation caused the adoption in this series of investigations of the 
method of therapy with individual hormones in both adrenalectomized and 
sham-operated animals. 

The hormones used were cortisone, hydrocortisone, corticosterone, desoxy- 
corticosterone, Reichstein’s substance S (all as the free alcohols), and pro- 
gesterone. They were administered intraperitoneally in a 1:1 sesame oil: 
propylene glycol emulsion as single daily doses of 2 mg for 6days. Control 
animals received daily injections of the vehicle. 


Determination of Hepatic Enzyme Levels 

Prior to use for enzyme assays animals were starved for 18 hours, adrenalec- 
tomized rats being maintained on 1% sodium chloride solution. On the seventh 
postoperative day the rats were killed by decapitation, the livers rapidly 
excised, and suitable amounts were homogenized in ice-cold saline, using a 
Potter—Elvehjem homogenizer. 


Phosphorylase 

When this enzyme was measured under conditions of glycogen synthesis a 
modification of the method of Sutherland (13) was employed. An 0.1-ml 
aliquot of a 2% liver homogenate in ice-cold 0.156 M sodium fluoride was incu- 
bated in the presence of glucose-1-phosphate, glycogen, adenosine-5-mono- 
phosphate, citrate buffer, and additional sodium fluoride for a period of 30 
minutes at 30°C. The enzyme was inactivated at the end of this time by the 
addition of 1 ml 10% TCA. After dilution to 10.0 ml inorganic phosphorus was 
determined in 2.0-ml aliquots by the method of Fiske and Subbarow (14). A 
unit of activity is defined as the amount of enzyme which causes the release of 
1 umole of inorganic phosphate in 1 minute under the specified experimental 
conditions. 

The measurement of phosphorylase activity under conditions of glycogen 
degradation was essentially the same as used by Cordier, Cordier, and Pérés 
(15). Liver weighing 0.5 g was homogenized in an ice-cold mixture of 2.0 ml 
0.156 M sodium fluoride, 2.0 ml 2% glycogen, and 2.0 ml 0.0034 M phosphate 
buffer pH 7.6. One-milliliter aliquots of this mixture were taken at zero time 
and added to 1 ml 10% TCA. The remainder was incubated at 30°C for 
20 minutes, when further 1.0-ml aliquots were removed. The amount of 
inorganic phosphorus esterified as glucose-1-phospate was calculated by 
difference from the values obtained at zero time and after incubation. 


Phosphoglucomutase 

Phosphoglucomutase was estimated by the method of Najjar (16), 0.1 ml of 
the enzyme preparation (10,000 X g supernatant from 2% liver homogenate) 
being incubated for 10 minutes at 30° C with substrate representing 62 ug of 
acid-labile phosphorus in the presence of cysteine and Mg**. The reaction was 
stopped by the addition of 1 ml 5 N sulphuric acid, and the unchanged glucose- 
1-phosphate hydrolyzed in a boiling water bath. Inorganic phosphorus 
representing the unchanged glucose-1-phosphate was measured by the method 
of Fiske and Subbarow (14). A unit of enzyme activity is defined as the amount 
of enzyme which causes the disappearance of 1 zmole of glucose-1-phosphate in 
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1 minute under the specified experimental conditions. 


Phosphoglucoseisomerase 

This assay was essentially that described by Glock, McLean, and Whitehead 
(17), glucose-6-phosphate being incubated in glycyl—-glycine buffer pH 7.6 with 
0.1 ml of 0.2% liver homogenate at 37.5° C for 10 minutes. The reaction was 
terminated by the addition of 3.5 ml 8.3 M hydrochloric acid. Fructose-6- 
phosphate, which gives approximately 65% of the color of free fructose, was 
estimated colorimetrically with resorcinol by heating at 80° C for 10 minutes 
(18). A unit of enzyme activity is expressed as the amount of enzyme which 
produces 1 zmole of fructose-6-phosphate in 1 minute at pH 7.6 and 37.5° C. 

All the results tabulated represent duplicate analyses from groups of eight 
animals. 


Results 


The data presented in Table I indicate that adrenalectomy influences the 
level of phosphorylase in the rat liver. The hepatic enzyme level in the 
adrenalectomized control group was only 68% of that found in the sham- 


TABLE I 


The influence of adrenalectomy and individual steroid hormones 
upon hepatic phosphorylase levels (glycogen synthesis) 











Treatment Sham-operated Adrenalectomized 
Solvent 1056 7a0°* 
+8.4 +10.8 
Cortisone 1200** 1146° 
+15.0 +28.8 
Hydrocortisone 1098 1092 
+20.4 +18.0 
Progesterone 942** 804**> 
+24.0 +18.6 
Desoxycorticosterone 834** ES Sate 
+20.4 +28.2 
Reichstein’s substance S 960** 846**> 
+21.0 +11.4 
Corticosterone 1026 1074° 
+36.0 +31.2 





*Enzyme activity expressed as units/g fresh liver/hour + S.E.M. 
’Significant at 1% level as compared with adrenalectomized control group. 
**Significant at 1% level as compared with sham-operated control group. 


operated group. The most profound effects exerted by the individual steroid 
hormones were in those groups of animals which were treated with cortisone, 
hydrocortisone, or corticosterone, all of which maintained the phosphorylase 
level at or above the sham-operated control value. Progesterone and 
Reichstein’s substance S caused an elevation of enzyme activity in adrenalec- 
tomized animals, but desoxycorticosterone was without effect. The influence 
of hydrocortisone and corticosterone upon the sham-operated group was 
negligible whereas cortisone raised the hepatic phosphorylase level. Pro- 
gesterone, desoxycorticosterone, and Reichstein’s substance S all caused a 
significant diminution in enzyme activity with desoxycorticosterone being the 
most effective inhibitor. 
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Phosphoglucomutase activity (Table II) does not appear to be primarily 
influenced by glucocorticoids as is phosphorylase. Whereas the enzyme level 
in adrenalectomized rats was only 70% of that in the sham-operated controls, 


TABLE II 


The influence of adrenalectomy and individual steroid hormones 
upon hepatic phosphoglucomutase levels* 











Treatment Sham-operated Adrenalectomized 
Solvent 2946 2058** 
+90 +174 
Cortisone 2862 2904? 
+84 +174 
Hydrocortisone 3402** 3048° 
+108 +126 
Progesterone 2658 3000° 
+168 +132 
Desoxycorticosterone 2814 2382 
+144 +216 
Reichstein’s substance S 2460 2604 
+198 +216 
Corticosterone 3054 2376** 
+168 +150 





*Enzyme activity expressed as units/g fresh liver/hour + S.E.M. 
Significant at 1% level as compared with adrenalectomized control group. 
**Significant at 1% level as compared with sham-operated control group. 


normal levels could be maintained by daily doses of cortisone, hydrocortisone, 
or progesterone. Reichstein’s substance S, desoxycorticosterone, and cortico- 
sterone were ineffective. None of the hormones exhibited any inhibitory 
influence upon this enzyme, and only hydrocortisone raised the activity in 
sham-operated animals. 

The effects of hormone administration upon hepatic phosphoglucoseisomerase 
in adrenalectomized rats (Table III) closely resembled those obtained for 
phosphorylase. The enzyme level dropped 30% in the adrenalectomized 


TABLE III 


The influence of adrenalectomy and individual steroid hormones 
upon hepatic phosphoglucoseisomerase levels* 











Treatment Sham-operated Adrenalectomized 
Solvent 9258 6684 ** 
+258 +162 
Cortisone 9198 7680**> 
+252 +204 
Hydrocortisone 9198 8280*° 
+264 +264 
Progesterone 8574 6732** 
+306 +210 
Desoxycorticosterone 8682 6258** 
+240 +216 
Reichstein’s substance S 8922 6516** 
+264 +240 
Corticosterone 8526 7788** 
+276 +312 





«Enzyme activity expressed as units/g fresh liver/hour + S.E.M. 

‘Significant at 1% level as compared with adrenalectomized control group. 

*Significant at 5% level as compared with sham-operated control group. 
**Significant at 1% level as compared with sham-operated control group. 
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animals, by comparison with the sham-operated control group. Partial restora- 
tion of activity was obtained by treatment with cortisone, hydrocortisone, or 
corticosterone though in none of these groups was the control level fully main- 
tained at the hormone dose employed. Progesterone, desoxycorticosterone, 
and Reichstein’s substance S were without effect upon this enzyme system. 
It is also evident that addition of individual hormones to normally secreting 
sham-operated animals did not influence the hepatic phosphoglucoseisomerase 
levels. 

It is accepted that the adrenalectomized rat maintained on 1% sodium 
chloride and a nutritionally adequate diet does not gain weight at a normal rate. 
This, and the effects of individual adrenal hormones administered as in the 
above investigation, have been fully demonstrated by Willmer and Foster (19). 
The three hepatic enzymes had diminished activities in adrenalectomized rats. 
This would suggest the possibility of anorexia, in which many of the known 
effects of starvation are manifested. In order to demonstrate whether the 
effects on the enzyme systems were due to starvation, or to some unknown 
influence of adrenalectomy, the liver enzyme levels in adrenalectomized animals 
and in a group of controls starved until extinction were determined at intervals 
during a 7-day period. All animals, adrenalectomized and unoperated, received 
1% sodium chloride and 10% glucose in the drinking water. The results are 
presented graphically in Figs. 1-4. Phosphorylase levels were assayed in both 
the direction of glycogen synthesis and glycogen degradation. 
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Fic.1. The influence of adrenalectomy and starvation upon hepatic phosphorylase 
levels (glycogen catabolism). 

@-—--@ Adrenalectomized rats. @---@ Starved rats. © @ Controls. 
T Indicates commencement of starvation of control and adrenalectomized animals. 
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Fic. 2. The influence of adrenalectomy and starvation upon hepatic phosphorylase 
levels (glycogen synthesis). 
—-@ Adrenalectomized rats. @---@ Starved rats. @ @ Controls. 
T Indicates commencement of starvation of control and adrenalectomized animals. 
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Fic. 3. The influence of adrenalectomy and starvation upon hepatic phosphogluco- 
mutase levels. 

@-—--@ Adrenalectomized rats. @- --@ Starved rats. @ @ Controls. 

T Indicates commencement of starvation of control and adrenalectomized animals. 





A common feature of the phosphoglucomutase and phosphoglucoseisomerase 
levels in starved rats, which is shared with and presumably dependent upon 
the activity of phosphorylase under conditions of glycogen breakdown, is an 
apparent initial increase in enzymatic activity. This may be of relatively short 
duration, as in the case of phosphorylase (Fig. 1) or phosphoglucoseisomerase 
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Fic. 4. The influence of adrenalectomy and starvation upon hepatic phosphogluco- 
seisomerase levels. 

@---@ Adrenalectomized rats. @- --@ Starved rats. @ @ Controls. 

T Indicates commencement of starvation of control and adrenalectomized animals. 





(Fig. 4), or prolonged as in phosphoglucomutase (Fig. 3). The next phase 
apparent in all the enzymes was a rapid loss of activity on further starvation. 

Changes observed in enzyme levels of adrenalectomized rats resembled the 
effects of starvation in certain minor respects. Glycogen degradation, as 
represented by the corresponding phosphorylase level, after an initial sharp 
increase was maintained at a level slightly higher than in the fed control 
animals. Glycogen synthesis continued to drop slightly during the 7-day 
period, but at no time did the phosphorylase levels decrease as rapidly as in 
the starved animals. A decline in phosphoglucomutase activity was also 
observed in adrenalectomized animals (Fig. 3) but the initial sharp increase 
was absent. Only in phosphoglucoseisomerase activity did the two groups of 
animals bear a resemblance, though neither the initial increase in activity, nor 
the subsequent decline were as pronounced in the adrenalectomized rats. 

Changes in enzyme levels of control animals during the experimental period 
do not appear to be significant, but might be attributed to the ingestion of 10% 
glucose in the drinking water. 

The effects of fasting for 18 hours, which was the usual procedure for the 
experimental animals, are also shown in Figs. 1-4. Whereas the levels of phos- 
phoglucomutase and phosphoglucoseisomerase were elevated, phosphorylase 
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activity decreased. In Fig. 1 it is apparent that the considerable drop in 
enzyme activity in the adrenalectomized rats is probably due to depleted 
hepatic glycogen reserves, whereas the value obtained for control animals 
represents a period later than the initial increase in enzymic activity. This is 
probably also true for phosphoglucoseisomerase (Fig. 4) in which the peak of 
enzymatic activity has been passed after 18 hours fasting. The decreased effect 
of fasting in adrenalectomized animals (Figs. 3 and 4) as compared with 
unoperated controls, is again indicative of reduced glycogen storage. 

Similar studies have been made of the effects of starvation and adrenalectomy 
upon hepatic glucose-6-phosphatase (20) from which it is concluded that the 
enzyme changes observed are not due to anorexia. 


Discussion 


It has been observed by Cordier, Cordier, and Pérés (15) that cortisone is 
effective in maintaining a normal level of hepatic phosphorylase in adrenalec- 
tomized rats, while the influence of desoxycorticosterone in this respect was 
slight. This is confirmed by the above investigations, which indicate that a 
similar effect may be obtained with hydrocortisone or corticosterone. Treat- 
ment with progesterone or Reichstein’s substance S produced an elevated 
enzyme level, which was, however, lower than the sham-operated control level. 
Essentially similar results were obtained in the case of phosphoglucoseisom- 
erase, the three glucocorticoids maintaining the enzyme activity at a higher 
level than in the adrenalectomized controls, though at the hormone dose level 
employed, none of the treated groups was equal to the sham-operated controls 
in activity. 

The results for phosphoglucomutase (Table II) are different from the above 
in certain respects. Although cortisone and hydrocortisone were capable of 
maintaining a high enzyme level, this effect was not shared by corticosterone, 
which produced the lowest activity of any of the treated groups. Progesterone, 
however, did maintain an elevated enzyme level. 

The influence of the glucocorticoids, cortisone, and hydrocortisone upon 
hepatic transaminases has received detailed study (1-4) and they were found, 
in general, to cause an increase in activity. This has led to the hypothesis that 
this might be the primary site of action of the glucocorticoids, resulting in 
gluconeogenesis and glycogen deposition. The effect of these hormones would 
be to raise hepatic glycogen storage in depleted animals to normal levels. The 
adaptive enzymatic changes associated with increased glycogenolysis would not 
take place, and enzyme levels would approach those present in the normal 
animal. 

The effects of cortisone, hydrocortisone, and corticosterone upon hepatic 
phosphorylase and phosphoglucoseisomerase could be satisfactorily explained 
purely on the grounds of these glucogenic corticoids maintaining a high liver 
glycogen concentration. Undoubtedly this is also a factor to be considered in 
the case of phosphoglucomutase. It has been observed that the influence of 
the individual steroids upon this enzyme is less easily attributed to their 
known effects. This confused picture also emerges with the enzymes of the 
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hexosemonophosphate shunt, glucose-6-phosphate dehydrogenase and 6-phos- 
phogluconate dehydrogenase (20). It is evident therefore that there possibly 
exists a difference in the effect of the cortical hormones upon enzyme systems 
which is dependent upon their intracellular distribution. Perhaps this difference 
may be attributed to the property of this group of hormones of forming con- 
jugates with proteins and nucleic acids, or it may be due to an influence upon 
membrane permeability. Observations that are of a similar nature and from 
which similar conclusions may be drawn were made by Weber and Cantero (21). 
In studying the in vitro action of Orinase upon hepatic enzymes, they were 
able to observe no effects upon phosphoglucomutase, glucose-6-phosphate 
dehydrogenase, and 6-phosphogluconate dehydrogenase. 

The effects of fasting upon hepatic enzymes concerned with glucose-6- 
phosphate utilization has been thoroughly investigated by Weber and Cantero 
(22, 23) and the results presented here are in general agreement with their 
findings. It has been shown by these authors (23), in the case of starved animals, 
that certain hepatic enzyme changes expressed on a fresh tissue weight basis 
show an apparent increase due to changed liver cellularity. Such a change 
in cellularity was not observed in adrenalectomized animals (10). For the 
purpose of comparing the effects of starvation and adrenalectomy, the expres- 
sion of enzymic activity on a fresh weight basis was thought to be satisfactory. 
The importance of studying enzymatic changes during the early stages of fasting 
should, however, be emphasized, as in several cases rapid adaptive changes 
which were not maintained and which were possibly due to increased glyco- 
genolysis occurred within 12-18 hours of food removal. Among the enzymes 
studied by Weber and Cantero (23), glucose-6-phosphatase alone was observed 
to show a considerably elevated activity during prolonged starvation. This 
effect was not observed in adrenalectomized rats (20) and would indicate that 
the influence of adrenalectomy upon the enzymes studied is not due to starva- 
tion. Further proof of this is evident in the observations of Willmer and Foster 
(19), who found growth rate to be almost normal in adrenalectomized rats 
treated with desoxycorticosterone. Under these conditions there is no con- 
comitant increase in liver enzyme levels. 

The fact that adrenalectomy causes significantly decreased levels of several 
hepatic enzymes under conditions of food intake adequate for an increase in 
body weight would indicate a metabolic lesion in addition to any associated 
with the regulation of transaminase activity. 
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IN VITRO STUDIES ON THE BIOSYNTHESIS OF UBIQUINONE! 
W. E. J. PHILLIPS 


Abstract 


Radioactive ubiquinone can be isolated from rat liver following intraperitoneal 
injections of C!*-acetate or mevalonic acid. No detectable amount of radioactive 
ubiquinone could be isolated from liver homogenates, liver slices, or intestinal 
mucosa incubated in vitro with C'-acetate or mevalonic acid. The possible 
requirement of isolated tissues for an exogenous factor is discussed. 


Introduction 


The non-saponifiable constituents of mammalian tissue form an integral part 
of its biochemical complexity. A new type of compound, the ubiquinones (1) 
or coenzymes Q (2) has been isolated and identified from this fraction. The 
generic structure is 


c cH 
Hs 3 CHs 


cH (CligCH=C CHa 


§ 


where m equals the number of isoprenoid units. A study of the structure suggests 
that a relationship could exist between these compounds and other non- 
saponifiable constituents. It has been demonstrated that the structurally 
similar vitamins K (3), tocopherols (4), vitamin A (5), vitamin D (1), and other 
dietary lipid constituents (6) are not essential precursors of ubiquinone. 

The existence in the molecule of a long isoprenoid side chain does relate the 
compound to the endogenous tissue hydrocarbons. A similar biosynthetic 
pathway would seem probable from the demonstration that labelled ubiquinone 
can be isolated from liver following the intraperitoneal injection of C'*-acetate 
or C'4-mevalonic acid into the intact rat (7, 8). These experiments demonstrate 
at least a partial biosynthesis of ubiquinone; however, they fail to demonstrate 
a site of synthesis and do not attempt to determine the origin of the p-benzo- 
quinone nucleus, for which there is no precedence of a biosynthesis. 

Attempts have been made in the present work to demonstrate a biosynthesis 
of ubiquinone in vitro using isolated rat tissue. 


Experimental 


General 
Animals.—Male rats of the Wistar strain weighing between 100 and 160 g 
were used. The animals were maintained on the regular stock colony cube diet 
(‘Master Feed’’ Fox Cubes, Toronto Elevator Co., Toronto, Canada). 
Labelled precursors.—2-C'4-mevalonic acid was prepared by hydrolysis of 


‘Manuscript received May 9, 1960. 
Contribution No. 34, Animal Research Institute, Research Branch, Canada Department of 
Agriculture, Ottawa, Ontario. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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the dibenzylethylenediamine salt purchased from Volk Radio-Chemical Co., 
Chicago, Illinois. Sodium acetate-2-C' was purchased from Merck and Co. 
Ltd., Montreal, Canada. Both compounds were dissolved in aqueous solution 
and adjusted to pH 7.2. 

Saponification and chromatography.—Essentially, the methods described by 
Mervyn and Morton (15) were used. Details and modifications are given else- 
where in the text. 

Absorption spectra.—All ultraviolet absorption spectra were determined over 
the range of 220 mz to 360 my using a recording spectrophotometer. 

Radioactivity —Material to be assayed was spotted on 1}-in. aluminum 
planchets and counted using a gas-flow windowless counter (Nuclear-Chicago 
Ltd.). 

Mevalonic Acid as Substrate with Liver Homogenates 

As an initial step, the ability of liver homogenates to synthesize ubiquinone 
from 2-C'4-mevalonic acid was studied. 

The techniques for the preparation of liver homogenates and incubations 
have been described by Bucher (9) and Migicovsky and Wood (10). Liver 
homogenates from normal male rats weighing approximately 155 g were pooled 
and centrifuged at 2000 r.p.m. for 5 minutes. The supernatant will be referred 
to as “liver homogenate’. Incubations were carried out in a Dubnoff water 
bath at 37° C for a period of 90 minutes. Twelve beakers each containing the 
following incubation mixture were run: 2.0 ml of liver homogenate, 0.2 ml 
buffer (10), 0.2 ml of a solution containing 1.3 mg ATP and 3.8 mg DPN, and 
0.2 ml of a solution containing 1.21 wzmoles 2-C'*-mevalonic acid. At the end 
of the incubation period the contents of the flasks were combined, saponified 
for 45 minutes, and extracted as described (15). The non-saponifiable material 
was chromatographed on acid-washed neutralized alumina partially deactivated 
to Brockmann grade 3. Seventy-five fractions of approximately 6 ml each were 
collected using the following eluents: 50 ml petroleum ether (P), 50 ml 2% 
diethylether (E) in P, 50 ml 4% E in P, 50 ml 6% E in P, 50 ml 8% E in P, 
150 ml 20% E in P, 50 ml E. The ultraviolet absorption spectrum and amount 
of radioactivity were determined in each fraction. The distribution of the 
radioactivity is shown in Fig. 1. Four main peaks were evident. Two significant 
but small peaks were resolved in the ether fractions but have not been studied 
further. Peak I is presumably hydrocarbon due to its exceptionally low 
polarity. This peak has been attributed to squalene by Gloor and Wiss (13, 14). 
The ultraviolet absorption spectrum would indicate, however, that this is 
more likely to be an unresolved hydrocarbon mixture rather than the single 
entity squalene. Peak I will thus be referred to as hydrocarbon in the following 
discussion. Peak II has not been identified. This peak has not been observed 
by Gloor and Wiss (13, 14). Its possible biological significance will be discussed 
later. Peaks III and IV are Liebermann—Burchard positive and represent the 
crude sterol fraction. Peak III was eluted at the solvent polarity required for 
the elution of ubichromenol (11). Fractions 25 to 41 inclusive (peak III) were 
combined and evaporated to dryness and the residue acetylated. The mixed 
esters were rechromatographed on 5 g Brockmann grade III alumina, using the 
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Fic. 1. Distribution of radioactivity in the non-saponifiable matter from a liver 
homogenate incubated with 2-C'*-mevalonic acid. 


following eluents: 150 ml of 1% E in P, 50 ml 4% E in P, 50 ml 8% Ein P, and 
50 ml ether. The 1% Ein P fraction contained 83% of the applied radioactivity. 
The remaining radioactivity was distributed over the latter fractions. The 
chromatographic behavior and U.V. spectrum of peak III before and after 
acetylation demonstrate that this peak is predominantly steroidal and contains 
no detectable radioactive ubichromenol. Peak IV represents the cholesterol 
fractions. 

The ultraviolet absorption spectra indicated that the ubiquinone was eluted 
in fractions 20 to 30, which correspond to a minimum in the radioactivity 
distribution curve. 

This experiment suggested that the liver homogenate system which was 
capable of synthesizing isoprenoid compounds such as hydrocarbons and 
sterols was incapable of a significant biosynthesis of ubiquinone or ubichro- 
menol. 


Comparison of Mevalonic Acid and Acetate as Substrates 
The experiment was repeated by comparing the incorporation of C'*-acetate 
and mevalonic acid into the non-saponifiable constituents of liver homogenates 
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prepared from normal rats. Liver homogenates were prepared as previously 
described. Two-milliliter aliquots of the homogenate were placed in each of 
16 incubation flasks. A total of either 10.54 moles 2-C™-acetate or 11.34 
pumoles 2-C'4-mevalonic acid was distributed equally in half the number of 
flasks. The incubation was stopped after 90 minutes. The contents of all 
flasks containing the same radioactive substrate were combined and the non- 
saponifiable material isolated. The chromatography was modified by collecting 
the eluates in 25-ml fractions. The radioactivity distribution curves are shown 
in Figs. 2 and 3. Radioactive peaks were obtained in identical positions on 
both chromatograms demonstrating that all of the non-saponifiable constituents 
were synthesized via the mevalonic acid pathway. As would be expected, 
however, the efficiencies of incorporation were significantly different. The 
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Fic. 2. Distribution of radioactivity in non-saponifiable matter from a liver homo- 
genate incubated with 2-C'*-acetate. 
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results of the quantitative incorporation of acetate or mevalonic acid into the 
various peaks are shown in Table I. 





TABLE I 


Incorporation of acetate or mevalonic acid into liver 
non-saponifiable constituents in vitro 








Radioactive substrate 


10.54 umoles 11.34 umoles 
acetate mevalonic acid 








pumole incorporated X 103 





Peak I (hydrocarbon) 2.15 611.4 
Peak II 2.43 165 
Peak IV (sterol) 117 3384 


Ubiquinone Not detected 
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Ubiquinone as determined by ultraviolet absorption was eluted mainly in 
fraction 7 with trace amounts in fractions 6 and 8. As in the previous experi- 
ment no significant radioactivity was observed to correlate with the ubiquinone. 
To insure that no detectable amount of ubiquinone had been synthesized, 
fractions 5 to 8 from each chromatography were combined into two separate 
fractions. Fifty micrograms of crystalline ubiquinone prepared from rat liver 
was added to each flask. The material was chromatographed on silicone im- 
pregnated paper by the reverse-phase method of Lester and Ramasarma (12). 
Ubiquinone was detected on the chromatogram using neotetrazolium chloride 
after reduction of the quinone with potassium borohydride. Radioactivity 
was determined on the strips using a ratemeter (Anton Elect. Lab., Brooklyn, 
N.Y.) coupled to a strip recorder. No significant radioactivity was associated 
with the ubiquinone spots. 

In view of the lack of incorporation of acetate or mevalonic acid into hepatic 
ubiquinone in vitro it was considered necessary to repeat the study in vivo using 
intact rats. 

Incorporation in vivo 

Male rats were assigned to one of two treatments. The experimental design 
and some observations are shown in Table II. The animals were killed 4 hours 
after the intraperitoneal injection of the radioactive tracer. 


TABLE II 


Incorporation of acetate or mevalonic acid into liver 
non-saponifiable constituents in vivo 








Substrate 





Acetate Mevalonic acid 





umole incorporated X 10° 





Peak I (hydrocarbon) 1.6 (0.002)* 11.1 (0.040)* 
Peak II (sterol) 135.1 (0.183)* 517.2 (1.824)* 
Peak VII (ubiquinone) 0.83 (0.001)* 7.12 (0.025)* 
ug ubiquinone (total) 588.5 655 
ug ubiquinone/g liver 110 120 


umole substrate incorporated X 10° 
mg ubiquinone 





1.4 10.9 


Experimental design 
73.75 


umole injected 28.35 
Body wt. (g) 127 125 
Liver wt. (g) 5.38 5.47 
% non-sap. 0.660 0.698 





*% of dose incorporated. 


Chromatography of the non-saponifiable material was accomplished by 
collecting 19 fractions, each of 25 ml. The radioactivity distribution curves 
and the amount of ubiquinone in each fraction are shown in Figs. 4 and 5. 
Striking differences are evident in comparison with those obtained from the 
previous in vitro experiments. Peak II is completely absent and a new peak 
appeared with maximum activity in fraction 7. This peak corresponds directly 
to the ultraviolet absorption due to ubiquinone. The distribution curves are 
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Fic. 4. Distribution of radioactivity and ubiquinone from liver non-saponifiable 
matter following intraperitoneal injection of 2-C'4-acetate in vivo. 


similar to those shown by Gloor and Wiss (13) from which the ubiquinone was 
shown to be radioactive by isolation in crystalline form. 

The demonstration of C'*-ubiquinone in the liver of the intact animal follow- 
ing intraperitoneal injections of C'*-acetate or mevalonate in no way demon- 
strates a complete in vivo biosynthesis. In an attempt to resolve the differences 
between the results of the homogenate system and the intact animal, experi- 
ments were conducted using liver slices and intestinal mucosa. 


Liver Slices and Intestinal Mucosa 

Liver slices were prepared using the tissue from normal male rats. In the 
first experiment 14 beakers each with 5 ml of Krebs-Ringer phosphate solution 
containing 185 mg glucose per 100 ml of solution and liver slices varying 
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Fic. 5. Distribution of radioactivity and ubiquinone from liver non-saponifiable 
matter following intraperitoneal injection of 2-C'4-mevalonic acid in vivo. 


between 150-240 mg were incubated for 120 minutes with 1.417 umoles of 
2-C'4-mevalonic acid. The incubation mixtures were combined at the end of 
2 hours and adjusted to 50% ethanol containing 1% pyrogallol and 12% KOH. 
The mixture was refluxed for 2 hours. The non-saponifiable material was iso- 
lated and chromatographed as in previous experiments. The distribution 
curve for radioactivity and ubiquinone is shown in Fig. 6. It can be seen that 
significant amounts of radioactivity occurred in the latter fractions containing 
ubiquinone. There was no correlation between ultraviolet absorption due to 
ubiquinone and the amount of activity in each fraction. Ubiquinone in pure 
crystalline form was prepared from fractions 5 to 11 to determine if radioactive 
ubiquinone was being masked by irrelevant activity. Eleven milligrams of 
inactive crystalline ubiquinone was added to the above fractions. Ubiquinone 
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Fic. 6. Distribution of radioactivity and ubiquinone from liver slices incubated with 
2-C'*-mevalonic acid. 
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Fic. 7. Effect of recrystallization on the specific activity of ubiquinone. 


was recrystallized from absolute ethanol 3 times. The specific activity of the 
crystals is shown in Fig. 7. A constant specific activity was not attained and no 
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significant amount of activity remained with the crystals after three recrystal- 
lizations. 

Similar results were obtained after incubating liver slices or intestinal mucosa 
for 4 hours in either a Krebs-Ringer phosphate medium or the medium pre- 
viously described for liver homogenates. Thus it would appear that under the 
conditions employed, liver slices and intestinal mucosa which were capable 
of the biosynthesis of hydrocarbons and sterols could not synthesize significant 
amounts of ubiquinone. 


Discussion 


It is apparent from these experiments and those described by Gloor and Wiss 
(13, 14) and Dialameh and Olson (8) that C'*-labelled ubiquinone can be 
isolated from the intact rat following intraperitoneal injections of C14-acetate 
or mevalonate. The methods employed have demonstrated that liver homo- 
genates or slices which were capable of the synthesis of hydrocarbons and 
sterols could not synthesize a detectable amount of ubiquinone. 

A number of possibilities exist in the resolution of the above difference. It 
could be argued that the rate of synthesis, or turnover rate, of ubiquinone was 
sufficiently low that in the short-term in vitro experiments an undetectable 
amount of ubiquinone was synthesized. This would not seem probable from 
the ratio of the C™ incorporated into ubiquinone and sterols in the intact rat. 
It would appear more probable that a factor or factors is lacking in the in vitro 
system. The nature of the compound suggests that the total synthesis must be 
considered in two parts, the benzoquinone ring and the isoprenoid side chain. 
The side chain would be hydrocarbon in nature and it is interesting to note that 
in all cases where ubiquinone was not synthesized (i.e. homogenates or slices) 
a radioactive hydrocarbon appeared which was eluted with 2% ether in petrol. 
This hydrocarbon was not apparent in tissue from the intact animal which 
synthesized radioactive ubiquinone. It would seem probable that in vitro the 
liver is capable of synthesizing the side chain of ubiquinone but is not capable 
of either the union of the ring and side chain or the synthesis of the benzoquinone 
ring per se. 

One is tempted to speculate that the homogenates or slices are limited by 
the availability of the benzoquinone ring or its aromatic precursor. It has been 
mentioned in the introduction that no dietary lipid constituents appear to be 
essential precursors of ubiquinone. In previous studies on the effect of dietary 
stress on ubiquinone levels in the rat (6) the only preformed aromatic com- 
pounds in the diets were the amino acids, phenylalanine, tyrosine, and trypto- 
phane of the casein component. If any of these amino acids are the precursor 
of the benzoquinone nucleus then one would not expect a liver homogenate 
which would be expected to contain some free aromatic amino acids to be 
completely limited in ubiquinone synthesis. 

Modification of the intestinal microflora of rats does not influence hepatic 
levels of ubiquinone (3); however, in view of the demonstration of ubiquinone 
synthesis in only the intact animal and not in isolated tissue, participation of 
the microflora was considered. Elaboration of the benzoquinone nucleus or an 
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aromatic precursor may be essential for the biosynthesis of ubiquinone. This 
would represent a new vitamin which is of nutritional significance. If the 
preliminary report of Olson and Dialameh (16) is confirmed that hepatic 
coenzyme Q is rapidly labelled with isotope from acetate-1-C" in rats surgically 
deprived of their gastrointestinal tract, then participation of the microflora 
is not essential. Thus it would appear that the isolated in vitro system is lacking 
in an essential cofactor for the biosynthesis of ubiquinone rather than a direct 
component of ubiquinone. 
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THE DEVELOPMENT OF RESISTANCE TO 6-MERCAPTOPURINE 
IN A SUBLINE OF THE EHRLICH ASCITES CARCINOMA!:? 


A. R. P. PATERSON 


Abstract 


A subline of the Ehrlich ascites carcinoma has been developed which grows 
under Compare (6-MP) therapy at approximately five times the rate of 
the parent line. Cells of the resistant subline were almost completely incapable 
of converting 6-MP to 6-MP nucleotide in contrast to those of the parent tumor 
line. A relationship between resistance to 6-MP and the capacity of the tumor 
cells to synthesize 6-MP nucleotide was indicated by a long-term study of these 
properties in branches of the resistant tumor subline which were maintained 
with and without exposure to 6-MP. 


Introduction 


Recently it has become apparent that conversion to nucleotide derivatives 
is an important metabolic fate of many purine analogues showing antitumor 
activity (2-8). The hypothesis has been advanced that these “false nucleotides”’ 
are the actual antimetabolites (3, 8). The conversion of the analogue base to 
the nucleotide derivative by cells which are sensitive to the analogue has been 
regarded as a lethal event (8). Hitherto, the evidence implicating nucleotide 
derivatives as the active form of the purine analogues has been largely circum- 
stantial, consisting principally of observations in tumor and bacterial cells of 
(a) the coincidence of sensitivity to an analogue and the ability to form the 
analogue nucleotide, and (6) the coincidence of resistance and a reduced ability 
to form the analogue nucleotide (1, 2, 4, 5, 8-10). However, in recent reports a 
site for the antimetabolite activity of 6-MP nucleotide has been designated in 
the conversion of inosinate to adenylate (11), specifically as the synthesis of 
adenylosuccinate from inosinate (12). 

The striking vulnerability of several transplantable mouse tumors to 
6-mercaptopurine (13-15) along with temporarily beneficial effects in the 
treatment of human leukemia (16) have given 6-MP a special importance in 
fundamental studies of antimetabolite activity. Resistance has been cited as 
an important limitation to the effectiveness of 6-MP therapy in human leuke- 
mia (17). The development of 6-M P-resistant variants of ordinarily susceptible 
mouse tumors has made possible their use as model systems for the study of 
6-MP resistance. 

An earlier report from this laboratory has described the formation of sub- 
stantial amounts of 6-MP nucleotide in cells of the Ehrlich ascites carcinoma 
which were exposed in vivo to 6-MP (2). The growth of this tumor is severely 
inhibited by 6-MP administered under the conditions described below. The 
present report is concerned with the development of a 6-MP-resistant subline 
of the Ehrlich ascites carcinoma which was found to be essentially devoid of the 


1Manuscript received in original form, March 16, 1960, and, as revised, July 7, 1960. 

Contribution from the Department of Biochemistry, University of British Columbia, 
Vancouver 8, B.C. 

2A preliminary account of this work has been given (1). 


Can, J. Biochem. Physiol. Vol. 38 (1960) 
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capacity to synthesize 6-MP nucleotide. The life history of this tumor subline 
has been followed with frequent assays of resistance to 6-MP and of the capacity 
to synthesize 6-MP nucleotide, and has provided evidence of an important 
relationship between these two properties. 


Materials and Methods 


The Ehrlich ascites carcinoma lines described in these experiments originated 
from tumor stock kindly supplied by Drs. C. C. Stock and D. A. Clarke of the 
Sloan-Kettering Institute. All tumor lines were maintained by weekly trans- 
plantation in female Swiss mice obtained from the colony of the University of 
British Columbia. The transplantation procedure followed throughout these 
studies consisted of the intraperitoneal injection of 0.2 ml of a suspension of 
tumor cells in isotonic saline, with each mouse receiving an inoculum of 
5-6 million cells. 

To develop resistance to 6-MP, and subsequently to maintain resistance in 
tumor sublines A and B, 6-MP was administered frequently during the trans- 
plantation history of these sublines, as indicated in Fig. 1. In any transplant 
generation, 6-MP treatment, at the dosage level of 42 mg of 6-MP hydrate per 
kg body weight, was administered as five intraperitoneal injections of a suspen- 
sion of finely divided 6-MP in isotonic saline, given at 24-hour intervals begin- 
ning 24 hours after transplantation. Sterile suspensions of 6-M P for this purpose 
were prepared by autoclaving cotton-plugged flasks containing suspensions of 
6-MP in isotonic sodium chloride solution. The flasks were removed from the 
autoclave while hot and with the purine analogue in solution, and then chilled 
rapidly in a Dry Ice — ethanol mixture to precipitate 6-MP as a fine suspension. 
The suspensions were stored in the frozen condition until used. 

Resistance to 6-MP was evaluated by comparing the growth rate of ascites 
cells (derived from the standard inoculum of 5—6 million cells) in 6-M P-treated 
mice with that in saline-treated control mice. The 6-MP treatment schedule 
followed in evaluations of resistance was the same as that for the maintenance 
of the resistant tumors except that non-sterile suspensions of 6-MP were 
employed. After such a course of therapy, on the 7th day of tumor growth, 
the volume of ascites cells in treated and control mice was measured and com- 
pared as follows: mice were killed by cervical dislocation and injected intra- 
peritoneally with 4.0 ml of isotonic saline containing 0.8 mg heparin. The 
abdominal skin of each mouse was reflected and the ascitic fluid drained through 
an incision in the body wall into a funnel over a graduated centrifuge tube. 
Thorough drainage was insured by extending the incision around each side to 
the back of the mouse and allowing the visceral mass to hang into the funnel. 
The volume of the packed ascites cells from each mouse was measured after 
centrifuging at 1500 X g for 10 minutes. 

The ability of the several tumor lines to convert a standard test dose of 
6-MP into 6-MP riboside-5’-monophosphate was measured by procedures 
described previously (2). Five to ten mice were employed for each assay and 
these were used 7 or 8 days after transplantation. Each mouse was injected 
with 5 zmoles of 6-MP dissolved in 0.5 ml of isotonic sodium chloride solution, 
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and killed after 0.5 hour. Ascites cells were collected as described above, 
extracted with dilute perchloric acid, and the extract then chromatographed 
on Dowex-1 formate resin, using a gradient elution system. Eluate fractions 
following adenosine diphosphate (located by means of a recording ultraviolet 
absorption meter*) were examined in a spectrophotometer at 323 my to locate 
and determine 6-MP ribotide (2). 


Results and Discussion 


The developmental history of the 6-MP-resistant tumor lines described in 
this report has been followed with frequent assays of two tumor properties, the 
growth rate of tumor inocula under 6-MP therapy, regarded as a measure of 
resistance to 6-MP, and the ability of tumor cells to convert a standard dose of 
6-MP to 6-MP nucleotide. 


Resistance to 6-MP 

The developmental history of the 6-MP-resistant tumor sublines is sum- 
marized in Fig. 1. The first subline was established as a branch of the Ehrlich 
ascites carcinoma and the development of resistance was begun by serially 
transplanting cells which were treated with 6-MP during each of the first 
13 transplant generations. During the first eight generations, 6-MP therapy 
consisted of five intraperitoneal injections of a suspension of 6-MP hydrate, 
administered at the level of 35 mg per kg body weight, at 24-hour intervals 
beginning 48 hours after transplantation. Thereafter, the therapy regimen 
described above was followed to develop and maintain resistance in the tumor 
lines. The treatment history of the several tumor lines is summarized in Fig. 1, 
in which each shaded division along a tumor line represents a transplant 
generation during which therapy was administered. 


Resistant Line A 

As may be seen in Fig. 1, the principal resistant tumor line, designated ‘‘A”’, 
has been maintained with frequent 6-MP therapy. A branch line, designated 
“untreated branch’’, was established and maintained without therapy for the 
purpose of studying the decay or breakdown of the resistant state. A second 
resistant line, designated ‘‘B’’, was established from line A and was also 
maintained in the form of treated and untreated branches. 

The growth rate under 6-MP therapy of tumor cells of the resistant line was 
evaluated first at generation 13 and frequently thereafter. The first three 
evaluations of resistance were conducted with therapy beginning 48 hours after 
tumor transplantation, but in all subsequent assays this interval was reduced 
to 24 hours. It may be seen in Table I that the Ehrlich ascites carcinoma line 
from which the resistant sublines were derived was markedly sensitive to 6-MP 
therapy, provided that the proper interval was employed between transplanta- 
tion and the initiation of therapy. With this interval fixed at 24 hours, the 
growth of the parent line of tumor cells was reduced by 6-MP therapy to about 
10% of that in saline-treated control mice. The resistant tumor lines typically 
grew under therapy at approximately 5 times the rate of the sensitive parent 


*Recording ultraviolet absorption meter, Gibson Medical Electronics, Middleton, Wisc. 
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TABLE I 


INOMA 


The effect of 6-MP therapy on the growth of the Ehrlich ascites carcinoma 


and a 6-MP-resistant subline 








Average packed cell 








6-MP, daily Therapy volume per mouse, ml 
dosage* started 
(mg per kg) after: Treated Control T/C,% 
Ehrlich ascites carcinoma 
42 24 hr 0.19+0.01$(15)§  1.97+40.44 (14) 10 
42 48 hr 1.33+0.74 (15) 1.67+0.88 (14) 80 
42 48 hr 1.04+0.37 (10) 2.08+0.28 (11) 50 
84 24 hr 0.13+0.08 (10) 1.71+0.40 (10) 8 
6-MP-resistant subline A 
42 24 hr 0.99+0.22 (13) 1.56+0.26 (14) 63 
84 24 hr 0.64+0.17 (10) 1.46+0.24 (10) 44 





*Five doses given at 24-hour intervals. 
tInterval between transplantation and start of therapy. 
verage deviation from the mean. 
Number of mice. 


line. Resistance to the growth-inhibiting properties 


of 6-MP was also apparent 


at high levels of 6-MP therapy. As may be seen in Table I, the resistant 
tumor grew at 5—6 times the rate of the sensitive tumor when the daily dosage 
of 6-MP hydrate was as high as 84 mg per kg, or twice the level described above 


for the routine assays of resistance. 


Table II is a compilation of the assays for resistance to 6-MP with which 


the development and maintenance of resistant line 
were followed. 


TABLE II 


The effect of 6-MP therapy on the growth of a 6- 


A and its untreated branch 


It is seen that throughout their history, cells of the treated 


MP-resistant subline 


of Ehrlich ascites carcinoma (resistant line A) 








Resistant subline A: 





Untreated branch, subline A: 











average packed cell volume Trans- Trans- average packed cell volume 
per mouse, ml plant plant per mouse, ml 
gener- gener- 
6-M P-treated Saline-treated ation ation 6-MP-treated Saline-treated 
2.54+0.841(5) 2.06+0.70 (8)t 13° 
0.55+0.35 (9) 1.03+0.29 (8) 21* 
1.42 (13) 1.25 (14) = 
0.99 +0.22(13) 1.56+0.26 (14) 38 
1.04+0.41 (6) 1.33+0.54 (6) 43 
. o 

1.03+0.35 (6) 2.05+0.56 (4) 60 60 0.20+0.21 (5) 1.56+0.37 (6) 

64 0.34+0.28 (5) 1.56+0.31 (5) 
0.87+0.53 (9) 1.21+0.19 (9) 77 71 0.26+0.17 (10) 1.41+0.24 (9) 
1.04+0.27 (9) 1.45+0.35 (7) 83 86 0.62+0.13 (9) 1.62+0.29 (9) 
1.65+0.34 (7) 2.14+0.18 (10) 96 98 0.17+0.03 (10) 1.75+0.50 (10) 





*6-MP therapy was begun 48 hours after the tumors were transplanted. 
tAverage deviation from the mean. 


tNumber of animals. 


branch of line A continued to manifest resistance, growing under 6-MP therapy 


at 65-75% of the rate of saline-treated controls. 





The branch of this subline 
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which was not maintained with 6-MP therapy returned to a sensitivity 
comparable with that of the parent line 32 transplant generations after its last 
exposure to 6-MP. 


Resistant Line B 

A second branch of the resistant line A was established by accident, but was 
subsequently maintained in the treated and untreated lines, designated ‘‘B’’. 
This branch originated with an ascites tumor which appeared in a mouse 
bearing a transplanted solid tumor. Apparently, this mouse, which was under 
6-MP therapy, received what must have been a very small inoculum of ascites 
cells of resistant subline A, through the accidental use of a syringe which had 
just been used to treat mice bearing this tumor. This became apparent after a 
comparison of the chromosomes of the parent tumor cells with those of resistant 
sublines A and B. A chromosomal analysis‘ indicated that the chromosome 
patterns of the two resistant tumor lines were identical and differed from that 
of the parent line of Ehrlich cells in having an additional metacentric chromo- 
some and a lower chromosome number. 

At generation 54, line B was divided into two branches, one of which (desig- 
nated as ‘‘untreated’’) was maintained without exposure to 6-MP in order to 
study spontaneous changes in the behavior of this tumor toward 6-MP. The 
other branch was maintained under 6-MP therapy as far as generation 86 when 
it was lost because of an infection in the recipient mice. A branch of this tumor 
line had been maintained by Dr. G. A. LePage® beginning with generation 77 
and was returned to this laboratory at generation 91. As indicated on Fig. 1, 
each of the generations from 78 to 88, inclusive, were treated with a single dose 
of 6-MP which was administered at the level of 30 mg per kg, 24 hours after 
transplantation. The data of Table III demonstrate that the treated branch 


TABLE III 


The effect of 6-MP therapy on the growth of a 6-MP-resistant subline 
of the Ehrlich ascites carcinoma (resistant line B) 

















Resistant subline B: Untreated branch, subline B: 
average packed cell volume Trans- Trans- average packed cell volume 
per mouse, ml plant plant per mouse, ml 
gener- _ gener- 
6-M P-treated Saline-treated ation ation 6-M P-treated Saline-treated 
From line A 
z 55 
1.55+0.19*(9)¢ 1.67+0.41 (9) 57 | 
1.07+0.26 (9) a:2220.22 (14) 60 | 
1.16+0.41 (6) 1.37+0.44 (6) 66 66 0.82+0.19 (5) 1.72+0.31 (5) 
72 0.82+0.32 (9) 2.22+0.47 (10) 
82 0.56+0.24 (9) 1.11+0.24 (6) 
1.13+0.25 (9) 1.54+0.20 (10) 91 86 0.55+0.27 (9) 1.83+0.29 (10) 
1.46+0.11 (5) 1.75+0.75 (4) 97 98 0.34+0.11 (10) 1.96+0.25 (10) 





*Average deviation from the mean. 
tNumber of animals. 


4Dr. H. F. Stich of the Department of Cancer Research, University of Saskatchewan, very 
kindly made this analysis. ; 
5Present address, Stanford Research Institute, Menlo Park, California. 



















PATERSON: EHRLICH ASCITES CARCINOMA 1123 





of subline B was resistant to 6-MP at all times tested. The growth rate of these 
tumor cells in 6-MP-treated mice was 75-90% of that saline-treated controls. 
The untreated branch of subline B underwent a more gradual reversion to 
6-MP sensitivity than did the corresponding branch of subline A, and by 
generation 98 was only slightly less sensitive than the parent line of Ehrlich 
cells. 


6-MP Nucleotide Synthesis 

Cells of the 6-M P-sensitive Ehrlich ascites carcinoma, when exposed in vivo 
to a test dose of 6-MP (5 zmoles per mouse), convert a portion of this dose 
into 6-MP riboside-5’-monophosphate, achieving concentrations of about 
0.13 umole of the nucleotide per ml of packed cells (2). In order to examine the 
two interrelated hypotheses (a) that 6-MP nucleotide is the ‘‘active” form of 
6-MP, and (0d) that resistance may be acquired by losing the capacity to activate 
6-MP, the formation of the nucleotide in cells of the resistant tumor line was 
assayed under standardized conditions. The first such assay, made at genera- 
tion 21, showed that within the limits of the method, no 6-MP nucleotide was 
produced in response to the test dose of 6-MP. This inability to synthesize 
6-MP nucleotide was examined further in the experiment described in Fig. 2 
in which the incorporation of 6-MP-8-C"' into the acid-soluble fraction of 
resistant cells was studied by ion exchange chromatography.® In the chroma- 
tographic system employed, 6-MP nucleotide closely followed adenosine diphos- 
phate. It is apparent from this figure that there was very little radioactivity 
present in the chromatogram fractions following the adenosine diphosphate 
peak (tube 125), in marked contrast to that reported for a similar experiment 
with the 6-MP-sensitive parent line (2). 

The inability of the resistant tumor cells to synthesize the nucleotide did not 
appear to be influenced by the concentration of 6-MP administered. In 20 
assays for 6-MP nucleotide formation in which the test dose of 6-MP varied 
from 3.5 to 7.6 uzmoles per ml of packed tumor cells, the resistant cells were 
essentially devoid of this capacity, showing only very minor responses on 
several occasions. 


The Relationship between 6-MP Resistance and Nucleotide Synthesis 

The almost complete inability of the resistant tumors to convert 6-MP to 
its nucleotide derivative was confirmed repeatedly in the subsequent assays 
which followed the transplantation history of these tumor lines. The results of 
these assays are summarized in Fig. 1 and those for resistant subline A are 
presented in detail in Table IV. The resistant tumor subline was carried from 
generations 28 to 53, inclusive, without exposure to 6-MP. All assays of 6-MP 
nucleotide formation prior to generation 52 indicated that the resistant tumor 
was unable to synthesize this compound. However, at generation 52 this assay 
indicated that this subline was regaining the ability to synthesize the analogue 
nucleotide. This finding suggested that if this line was maintained further 
without 6-MP therapy, sensitivity to 6-MP might be regained. It was for this 
reason that the untreated branch of subline A was established and was main- 


66-M P-8-C™ was purchased from the Isotope Specialties Co., Burbank, California. 
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TABLE IV 


6-MP nucleotide formed in response to a standard test dose of 
6-MP by tumor cells of resistant subline A 














Resistant subline A Untreated branch, subline A 
6-MP nucleotide, Transplant Transplant 6-MP nucleotide, 
umoles per ml packed cells generation generation umoles per ml packed cells 

Nil 21 
Nil 29 
Nil 30 
Nil 37 
Nil 38 
Nil 42 
0.04 §2——__—_—53 0.053 
0.052 54 54 0.057 
Nil 58 58 0.154 
Nil 70 63 0.177 
Trace 71 71 0.099 
Nil 77 
Nil 80 
0.006 83 85 0.100 
Nil 96 98 0.082 











tained by serial transplantation without any exposure to 6-MP. Cells of this 
branch rapidly regained the ability to convert 6-MP to its nucleotide derivative 
(see Table IV) and coincidentally regained sensitivity to 6-MP (see Table IT). 
A relationship between the ability to form 6-MP nucleotide and sensitivity 
to 6-MP is strongly suggested by the simultaneous loss of these properties in 
the main branch of the resistant tumor subline and their simultaneous re- 
appearance in the untreated branch of this line. A similar loss of resistance 
with a coincidental reappearance of the ability to synthesize 6-MP nucleotide 
was observed for the untreated branch of the resistant tumor subline B. 

The results of assays for 6-MP nucleotide synthesis in tumor cells of resistant 
subline B are summarized in Fig. 1 and shown in detail in Table V. As was 
found with subline A, the branch maintained with 6-MP therapy consistently 
showed an almost complete inability to convert the test dose of 6-M P into 6-MP 
nucleotide. The untreated branch of resistant line B, as may be seen in Table V, 
also fully regained the ability to convert 6-MP to 6-MP nucleotide, but did so 
in a more gradual manner than the corresponding branch of resistant subline A. 
Thus, the changes which took place in these two properties in the untreated 
branches of both sublines were very similar and suggested that the resistant 
state was a consequence of losing the ability to convert 6-MP to the nucleotide 
form. 


Fic. 2. The metabolism of 6-MP-8-C" by tumor cells of the 6-MP-resistant subline. 
Six mice bearing the 6-MP-resistant subline of the Ehrlich ascites carcinoma 

were each injected intraperitoneally with 33 umoles of 6-MP-8-C' (specific activity 
1.05 X 10® c.p.m. per umole). After 0.5 hour the animals were killed and the tumor cells 
collected (total yield, 7.0 ml packed cells). A neutralized perchloric acid extract of the 
tumor cells was prepared and chromatographed on Dowex-1 formate anion exchange 
resin, using a gradient elution system. The ultraviolet absorption of each fraction was 
measured at 260 and 323 mu and aliquots of each fraction were assayed for radioactivity 
as infinitely thin samples mounted on aluminum planchets. 
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TABLE V 


6-MP nucleotide formed in response to a standard test dose of 
6-MP by tumor cells of resistant subline B 











Resistant subline B Untreated branch, subline B 
6-MP nucleotide, Transplant Transplant 6-MP nucleotide, 
umoles per ml packed cells generation generation umoles per ml packed cells 





From line A 


52 0.006 
| 
j 55 
Nil 62 60 0.010 
0.01 66 66 0.056 
Nil 73 72 0.076 
Nil 77 82 0.138 
Nil 97 86 0.131 
95 0.053 
98 0.096 





The return of 6-MP sensitivity and of the capacity to synthesize 6-MP 
nucleotide in the untreated sublines are suggestive of a mixed population of 
sensitive and resistant cells. If the sensitive cells had a faster division rate than 
the resistant, then their proportion of the total cell population would increase 
with time. The character of resistant subline A appeared to be stable in the 
absence of 6-MP therapy for over 24 transplant generations or over 2000 cell 
generations prior to the reappearance of the ability to synthesize 6-MP nucleo- 
tide. The length of this period is an indication of the caution which must be 
observed before considering that a resistant state is stable. The two character- 
istics of the sublines, resistance and inability to form 6-MP nucleotide, appear 
to be heritable, genetically determined properties. 

A relationship between sensitivity to purine and pyrimidine analogues and 
the ability of the affected cells to synthesize nucleotide derivatives of these 
analogues seems apparent from the present observations and from a number of 
recent reports in which antipurine-resistant (1, 4, 8-10) and antipyrimidine- 
resistant strains (18, 19) of tumors and bacteria have been characterized as 
deficient in the ability to synthesize the analogue nucleotide derivative. This 
evidence suggests that the purine and pyrimidine analogues are rendered 
effective antimetabolites, i.e. activated, by conversion to their ribotide deriva- 
tives. A logical extension of this concept is that resistance to such antimeta- 
bolites may come about through the loss of the enzyme systems responsible for 
the activation process. The present experiments support and extend the con- 
cept that an important, perhaps causal relationship, exists between resistance 
to 6-MP and the inability to convert 6-MP to the nucleotide derivative. 
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THIOPURINE NUCLEOTIDE SYNTHESIS IN A 6-MP-RESISTANT 
SUBLINE OF THE EHRLICH ASCITES CARCINOMA 
AND GROWTH INHIBITION BY CERTAIN 
ANTIMETABOLITES! 


A. R. P. PATERSON 
With a note by G. A. LEPAGE 


Abstract 


A 6-MP-resistant subline of the Ehrlich ascites carcinoma has been character- 
ized as cross-resistant to thioguanine and is more sensitive to azaserine than the 
parent tumor line. The resistant subline has retained the sensitivity to ametho- 
pterin shown by the nt tumor line. 6-MP riboside was no more effective than 
6-MP in inhibiting the growth of the resistant cells. 

It was shown previously that cells of this resistant subline, in contrast to cells 
of the parent line, were unable to synthesize 6-MP nucleotide from a test dose of 
6-MP injected into the ascitic fluid. In the present study it was shown that 
resistant cells were also unable to convert 6-MP riboside or thioguanine to their 
nucleotide derivatives, both of which were synthesized by the 6-MP-sensitive 
parent line of tumor cells. Similarities observed in the metabolism of 6-MP 
and 6-MP riboside and in their chemotherapeutic effects were probably due to the 
extensive hydrolysis of 6-MP riboside which took place in both ascites tumors. 


Introduction 


The development of a 6-mercaptopurine-resistant subline of the Ehrlich 
ascites carcinoma has been described by Paterson (1). Cells of this subline are 
almost completely devoid of the ability to synthesize 6-mercaptopurine 


riboside-5'-monophosphate when 6-mercaptopurine (6-MP) is injected into 
the ascitic fluid. In contrast, cells of the parent line of Ehrlich ascites carcinoma 
accumulate substantial amounts of 6-MP nucleotide under these conditions (2). 
A study of the stability of the two properties, 6-M P-resistance and the capacity 
to synthesize 6-MP nucleotide, indicated that they were heritable characteris- 
tics and were probably related (1). Resistance to 6-MP was regarded as prob- 
ably being due to the inability of the variant cells to synthesize the analogue 
nucleotide. 

In the present investigation, a study was made of the influence of several 
antitumor agents upon the growth rate of the resistant tumor cells and of their 
ability to convert thioguanine and 6-MP riboside to their respective nucleotides. 
Cross-resistance to thioguanine and an inability to synthesize thioguanylic acid 
were established as important properties of the resistant tumor cell. Similarities 
were observed in the nucleotide metabolism and antitumor activity of 6-MP 
and 6-MP riboside, which appear to be explained by the finding that the riboside 
was extensively hydrolyzed in both sensitive and resistant tumors. 


Materials and Methods 


The origin of the 6-M P-resistant ascites tumor used in these studies has been 


1Manuscript received July 14, 1960. 


Contribution from the Department of Biochemistry, University of British Columbia, 
Vancouver 8, B.C. 


Can. J. Biochem, Physiol. Vol. 38 (1960) 
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described in an earlier paper (1). Resistant subline A and the line of the Ehrlich 
ascites carcinoma from which it was derived (‘‘parent line’’) were employed in 
this work. The transplanting procedure and the assays for tumor growth 
inhibition by antimetabolites were similar to those used previously (1). This 
assay consisted of a comparison of the volumes of packed ascites cells obtained 
from treated and control mice, measured 7 days after transplantation. With 
each antimetabolite, five treatments were administered starting 24 hours after 
transplantation, with 24-hour intervals between treatments. Thioguanine and 
6-MP were administered as fine suspensions in isotonic saline. Azaserine was 
dissolved in isotonic saline and amethopterin was dissolved in 2% sodium 
bicarbonate. The antimetabolites were injected intraperitoneally in volumes 
of 0.2-0.4 ml. 

The synthesis of thiopurine nucleotide derivatives by the tumor cells from 
test doses of 6-MP, 6-MP riboside, and thioguanine was measured by a pre- 
viously described method (1). With each of these agents, the test dose con- 
sisted of 0.5 ml of a solution containing 10 moles of thiopurine per ml in 
isotonic saline, injected into the ascitic fluid of each mouse 30 minutes prior to 
collection of the tumor cells. Perchloric acid extracts of the tumor cells were 
chromatographed on Dowex-1 formate ion exchange resin and the eluate 
fractions were examined at 323 my to locate and determine 6-MP nucleotide, 
or at 345 my for thioguanine nucleotide. 


Results and Discussion 


The influence of 6-MP, 6-MP riboside, thioguanine, azaserine, and ametho- 
pterin on the growth rate of the resistant tumor was assessed to characterize this 
tumor and to permit comparison with other antipurine-resistant mouse neo- 
plasms. The assay method, which employed measurements of tumor volume 
from treated and control mice after a standard period of growth, did not 
provide a satisfactory appraisal of the relative toxicity of thioguanine for the 
sensitive and resistant tumor cells. In a note following this paper, LePage has 
reported growth inhibition studies of this tumor in which a different technique, 
the host survival method, has been employed (3). This method, which appears 
to provide a more adequate appraisal of the antitumor activity of thioguanine, 
has confirmed the cross-resistance to thioguanine and sensitivity to azaserine 
presently reported for tumor subline A. 


Azaserine — Antitumor Activity 

The antitumor activity of azaserine is of fundamental importance, because 
of the potent and highly specific inhibition of de novo purine nucleotide synthesis 
caused by this substance (4). Azaserine used alone has not proved to be impor- 
tant in the treatment of human neoplastic disease, but is effective against 
certain transplantable rodent tumors (5). Azaserine adversely affects the 
growth of the Ehrlich ascites carcinoma as may be seen in Table I. By com- 
parison, the resistant tumor subline A showed an enhanced sensitivity to 
azaserine which became apparent when the antimetabolite was administered 
at the level of 5 mg per kg per day for 5 days. The sensitivity of the resistant 
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TABLE I 
The antitumor activity of azaserine 








Average packed cell volume per mouse (ml) 











Ehrlich ascites carcinoma Resistant subline A 
Azaserine, 
daily dosage* T/C T/C 
(mg per kg) Treated (T) Control (C) (%) Treated (T) Control (T) (%) 
0.2 0.74+0.18¢ (10) 1.80+0.40(11)¢ 41 0.16+0. 16 (9) 1.24+0.35 (10) 8 
1.0 0.21+0. 11 (10) 1.08 + 0.20 (9) 19 
2.0 0.30+0.07 (9) 1.80+0.19 (9) 17 
2.0 0.47+0.09 (10) 2.08 +0.28 (11) 23 
5.0 0.3140.03(19) 1.71+0.40(8) 18 0.06+0.04(10)§ 2.80+0.48 (7) 2 





*Five doses, given at 24-hour intervals, starting 24 hours after transplantation. 

tAverage deviation from the mean. 

tNumber of animals. 

§A microscopic examination of sediments from saline washings of the peritoneal cavity showed tumor cells present 
in only 4 of the 10 mice. 


subline A to azaserine was observed also by LePage, who found that azaserine 
treatment (0.2 mg per kg, twice daily for 6 days) caused a two- to three-fold 
prolongation of the lives of mice bearing these tumors (3). 

Several examples of “‘collateral sensitivity’’, or enhanced sensitivity towards 
antimetabolites of a different class, have been reported for antipurine-resistant 
neoplasms. Law (6) and Skipper et al. (7) have described an unusual sensitivity 
to amethopterin in antipurine-resistant lines of the L-1210 mouse leukemia. 
Hutchinson, Robinson, and Isenberg have described two 6-M P-resistant mouse 
leukemias which have a high sensitivity to amethopterin (8). Sartorelli and 
LePage have shown that an azaserine-resistant ascites tumor did not display 
usual sensitivity towards antipurines (9). 


Amethopterin — Antitumor Activity 

The resistant tumor subline A and the parent line responded similarly to 
therapy with amethopterin administered in daily doses of 0.5 mg per kg for 
5 days, starting 24 hours after transplantation. The growth rate of the 6-MP- 
: resistant and 6-M P-sensitive tumors under therapy were 14% and 7% of saline- 
treated controls, respectively. The unaltered sensitivity to amethopterin in the 
resistant subline is in accord with similar observations with a thioguanine- 
resistant tumor by Sartorelli et a/. (10), but in contrast with the observations of 
others (6, 7, 8), who report an enhanced sensitivity to amethopterin in anti- 
purine-resistant tumors. 





; Thioguanine — Antitumor Activity and Nucleotide Formation 

The similarities in the metabolism and antitumor activities of the closely 
related antipurines 6-MP and thioguanine are well known. Cross-resistance to 
these agents has been demonstrated frequently in antipurine-resistant tumors 
and bacteria. 
. The data of Table II describe experiments in which the growth rates of the 
Ehrlich tumor and resistant subline A were compared under thioguanine 
therapy. At the higher levels of thioguanine treatment employed, there 
" appeared to be very little difference between the response of the two tumor 
lines and consequently no evidence of cross-resistance to thioguanine. However, 
this result is probably attributable to the toxicity of thioguanine and the nature 
of the assay method employed. At the level of 10 mg per kg, thioguanine treat- 
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TABLE II 
Antitumor activity of thioguanine 








Average packed cell volume per mouse (ml) 











Ehrlich ascites carcinoma Resistant subline A 
Thioguanine* 
daily dosage T/C T/C 
(mg per kg) Treated (T) Control (C) %) Treated (T) Control (C) (%) 
3.4 1.05+0.37¢ (6)¢ 2.1 +0.15 (4) 50 1.1140.29(7) 1.44+0.47 (9) 77 
3.4 0.66+0.28(10) 1.93+0.32(10) 34 
6.0 0.55+0.15 (11) 1.68+0.31 (8) 33 0.74+0.24(9) 1.78+0.52 (10) 42 
10 0.58+0.12(10) 1.714+0.49(8) 34 0.41+0.09(8) 1.46+0.24(10) 28 
10 0.40+0.35(7) 1.24+0.35(10) 32 





*Five doses given at 24-hour intervals starting 24 hours after transplantation. 
tAverage deviation from the mean. 
tNumber of animals. 


ment caused weight loss and diarrhea in the host animals and was above the 
tolerated dose. With thioguanine administered in the amount of 3.4 mg per kg, 
the resistant cells grew at a rate about 50% higher than that of the sensitive 
cells. LePage has demonstrated that the 6-MP-resistant subline A was cross- 
resistant to thioguanine by measuring the effects of antipurine therapy on the 
survival time of mice transplanted with this tumor (3). 

This evidence of cross-resistance to thioguanine indicated that cells of the 
resistant subline might be unable to synthesize the nucleotide derivative of 
thioguanine. Consequently, the ability of the resistant subline and of the parent 
line of tumor cells to synthesize thioguanylic acid in response to a test dose of 
thioguanine (5 “moles per mouse) was compared. The Ehrlich ascites cells were 
found to contain 0.13 umole of thioguanylic acid per ml of packed cells, indicat- 
ing a rate of synthesis very close to that of 6-MP nucleotide under the same 
conditions (2). Thioguanylic acid was not present in measurable amounts in 
extracts prepared from the 6-MP-resistant cells. Thus, the inability of the 
6-M P-resistant tumor to synthesize thioguanylate correlated with the observed 
cross-resistance to thioguanine. This is entirely consistent with the observations 
of Sartorelli, LePage, and Moore, who found that a thioguanine-resistant 
variant of the Ehrlich ascites carcinoma was cross-resistant to 6-MP and was 
deficient in the ability to convert both 6-MP and thioguaninein to the corres- 
ponding nucleotides (10). 


6-MP Riboside — Antitumor Activity and Nucleotide Formation 

The hypothesis that resistance to 6-MP may be due to the inability of the 
resistant cells to synthesize 6-MP nucleotide has been substantiated by the 
recent work of Brockman et al., who have shown that extracts of azaguanine- 
resistant bacteria and tumor cells were deficient in their capacity to carry out the 
pyrophosphorylase-catalyzed synthesis of azaguanylate (11). The defect in the 
resistant cells was clearly enzymatic and was held to be responsible for the 
condition of resistance. This hypothesis was applied to the present work by 
studying the metabolism and antitumor activity of 6-MP riboside in the 
resistant-tumor subline A. It was reasoned that if resistance was due to a 
simple enzymatic defect (the loss of the pyrophosphorylase by which the 
synthesis of the N-glycoside bond in 6-MP nucleotide is accomplished), then 
6-MP riboside might well be toxic to the resistant cells by reason of a possible 








1e- 


en 
ble 











PATERSON: THIOPURINE NUCLEOTIDE SYNTHESIS 1133 


phosphorylation to the nucleotide form. For these reasons, the effect of 6-MP 
riboside on the growth rate of the resistant tumor was measured, and the 
conversion of the riboside to 6-MP nucleotide was assessed in sensitive and 
resistant cells. In Table III it is seen that 6-MP riboside? was slightly less toxic 
to the 6-MP-resistant tumor cells than 6-MP, even at high dosages. Both 
agents were employed in equimolar amounts. A similar observation was made 
previously by Skipper et al. for 6-MP-resistant strains of S. fecalis and a mouse 
tumor (12). 


TABLE III 


The antitumor activities of 6-MP and 6-MP riboside 
toward resistant subline A 








Average packed cell volume 
Agent and dosage per mouse (ml) 





Daily dosage: 247 umoles per kg* 
None (saline control) 1 +0.37¢ (7)f 
6-MP 1.04+0.27 (9) 
6-MP riboside 1.35+0.26 (8) 
Daily dosage: 494 umoles per kg* 


None (saline control) 1.46+0.24 (10) 
6-MP 0.64+0.17 (10) 
6-MP riboside 0.72+0.32 (9) 





*Five doses, given at 24-hour intervals starting 24 hours after transplantation. 
tAverage deviation from the mean. 
tNumber of animals. 


The capacity of the resistant and sensitive tumor cells to convert a test dose 
of 6-MP riboside (5 ~moles per mouse) to 6-MP ribotide was assessed using 
the methods described above. Thirty minutes after the injection of 6-MP 
riboside, cells of the 6-MP-sensitive parent line were found to contain 0.056 
umole of 6-MP nucleotide per ml of packed cells or about 40% of that derived 
from 6-MP under similar conditions (2). In contrast, cells of the resistant 
subline contained only minute amounts of the nucleotide. In one experiment 
the 6-MP nucleotide content was 0.006 zmole per ml of packed cells and in a 
second, none was found. The inability of the resistant cells to phosphorylate 
6-MP nucleoside indicates that the enzymatic explanation for this example of 
resistance must be more complex than the simple loss of a nucleotide pyro- 
phosphorylase. 

The similarities in the antitumor activity and in the metabolism of 6-MP 
and its riboside appear to have an explanation in the following observations, 
which show that 6-MP riboside was extensively hydrolyzed when injected into 
the ascitic fluid. 


Hydrolysis of 6-MP Riboside 

When perchloric acid extracts of 6-MP-treated ascites cells were chroma- 
tographed on Dowex-1 formate resin, two principal peaks of 323 my absorption 
were apparent (1,2). The first peak, which just preceded AMP, was recognized 
as 6-MP and the second, as 6-MP nucleotide. In this chromatographic system 


26-MP riboside was generously provided by Dr. R. W. Brockman, Southern Research 
Institute, Birmingham, Alabama, and by the Cancer Chemotherapy National Service Center, 
Bethesda, Maryland, through the courtesy of Dr. H. W. Bond. 
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6-MP and 6-MP riboside migrate together, but these may be readily separated 
on paper chromatograms. 

An examination by paper chromatography of the 6-M P-containing fractions 
of extracts of tumor cells which had been treated with 6-MP riboside revealed 
that only trace amounts of 6-MP riboside were present. Similar examinations 
of ascites plasma from 6-MP riboside-treated ascites tumors also showed that 
6-MP was the principal component of these chromatogram fractions and indi- 
cated that the riboside underwent a rapid and extensive degradation. In these 
experiments, 5 zmoles of 6-MP riboside was administered to each mouse and 
after 30 minutes, perchloric acid extracts of the tumor cells were prepared as 
described above. Ascites plasma was made 2% in perchloric acid, and, after 
removal of the precipitated protein, was processed in a similar manner. After 
the extracts were chromatographed on ion exchange resin, the eluate fractions 
containing the first peak of 323 mu absorption were pooled and evaporated to 
dryness under vacuum at temperatures below 40° C. The residues were chroma- 
tographed on paper using Carter’s isoamyl alcohol system (13), which separated 
6-MP and its riboside (Ry values, 0.39 and 0.62, respectively). 6-MP and its 
derivatives were located on the paper chromatograms by their greenish 
fluorescence under a long wave ultraviolet lamp.* Control experiments showed 
that this recovery procedure did not hydrolyze 6-MP riboside appreciably. 

Application of this procedure to the cells and plasma fractions of both tumor 
lines revealed that 6-MP riboside was only a minor component of the first peak 
of 323 mz absorption. Only on chromatograms prepared from the plasma of 
the resistant-tumor subline were there demonstrable amounts of 6-MP riboside. 
An estimate of the relative amounts of 6-MP and 6-MP riboside on these 
chromatograms was made by preparing extracts of the thiopurine-containing 
areas in 0.1 N HCl and measuring their optical density at 323 my. On chroma- 
tograms where no 6-MP riboside was visible in the test lane, areas were removed 
for extraction opposite 6-MP riboside standards run in adjacent lanes. 

In Table IV, it is seen that free 6-MP was present in excess of 6-MP riboside 
in all the preparations examined. It is noteworthy that in extracts of both 
sensitive and resistant tumor lines 6-MP riboside was essentially absent, 
indicating that the riboside was very extensively hydrolyzed (or phosphory- 


TABLE IV 


Relative amounts of 6-MP and 6-MP riboside found 
in 6-MP riboside-treated ascites tumors 








6-MP 
6-MP riboside 





Tumor 








Ehrlich ascites carcinoma 


Cells 16 

Plasma 43 
6-MP-resistant subline A 

Cells 15 

Plasma 8 









’Mineralite model SL3660, Ultra-Violet Products, Inc., South Pasadena, California. 
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lyzed). It is apparent from Table IV that breakdown of 6-MP riboside occurred 
outside of the tumor cell (whether partly or exclusively is not known). Pre- 
liminary in vitro experiments have indicated that ascites cells are able to 
liberate 6-MP from extracellular 6-MP riboside and that this process does not 
appear to be due to leakage of enzymes from the tumor cells.‘ 
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A NOTE ON THE EFFECTS OF CERTAIN ANTIMETABOLITES ON THE GROWTH 
OF A 6-MERCAPTOPURINE-RESISTANT SUBLINE OF THE 
EHRLICH ASCITES CARCINOMA* 


G. A. LEPAGE 


The development of a subline of the Ehrlich ascites carcinoma which is 
resistant to 6-mercaptopurine (6-MP) has been described by Paterson (1). 
The effects of several antimetabolites on the growth rate of resistant tumor 
subline A were evaluated by measuring the volume of tumor cells obtained after 
a series of treatments during a standard period of growth (7 days) and are 
reported in the preceding paper (2). It was the purpose of the present investiga- 
tion to evaluate the sensitivity of this resistant tumor towards several anti- 
metabolites by a different means, the host survival method. 

Branches A and B of the resistant tumor subline were maintained in this 
laboratory using female Swiss mice. Tumors were transplanted weekly and 
host animals received a single dose of 6-MP at the level of 30 mg per kg 
24 hours after transplantation. 

The host survival method described previously (3) was employed to measure 
the tumor-inhibiting properties of azaserine, thioguanine, thioguanine riboside, 
and 9-methylthioguanine. Female Swiss mice weighing 30-35 g were inoculated 


‘A. R. P. Paterson and A. Hori. Unpublished results. 
> ces from Stanford Research Institute, Menlo Park, California; received July 14, 
60. 
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with 2X 10° cells and were used in groups of 10 which were matched in weight. 
Treatments, which caused no weight loss, were started 24 hours after trans- 
plantation and were given twice daily by the intraperitoneal route for 6 days. 
The therapeutic agents were administered at the following dosages: thio- 
guanine, 9-methylthioguanine, and thioguanine riboside were used at equimolar 
levels, equivalent to 0.5 mg per kg of thioguanine; 6-MP, 15 mg per kg; 
azaserine, 0.2 mg per kg. All compounds were dissolved in isotonic saline; the 
thiopurines were dissolved by adding 2 equivalents of sodium hydroxide (final 
pH about 8) and administered in a volume of 0.25 ml per dose. Control animals 
received injections of isotonic saline. The average survival time of the animals 
in each treatment group was taken as the index of therapeutic effect. 

It is seen from Table I that both branches of the resistant subline responded 
similarly to the several antimetabolites. Chromosomal analysis indicated that 
these tumor lines had a common origin (1). As therapy with none of the thio- 


TABLE I 


The effects of antimetabolites on the survival time of mice transplanted 
with 6-MP-resistant sublines A and B 








Average survival, days 











Resistant tumor, subline A Resistant tumor, subline B 
Chemotherapeutic 
agent Expt. 1 Expt. 2 Expt. 1 Expt. 2 

Control 15.4+4.9* 16.8+3.0 o.324.4 10.5+ 2.1 
Thioguanine 10.9+4.5 iw.ot2.9 0.122.1 13.0+ 2.5 
Thioguanine riboside 11.8+2.0 18.0+3.1 11.6241.7 17.4+ 6.0 
9-Methylthioguanine 4.623.2 16.742.1 12:92 4.1 
6-Mercaptopurine 12.5+4.8 14.2+1.6 8.1+0.6 9.0+ 0.8 
Azaserine 42.44+9.7 32.8+10.5 





*Average deviation from the mean. 


purine compounds tested caused prolongation of survival time, resistance to all 
of these agents was indicated. The host survival method appeared to provide a 
more satisfactory measure of cross-resistance to thioguanine than measure- 
ments of packed cell volume (2). Azaserine treatment caused a two- to three- 
fold increase in survival time of mice bearing the resistant tumors. This was a 
somewhat greater response than achieved with Ehrlich ascites cells under 
similar conditions (3) and may indicate an enhanced sensitivity of the resistant 
tumor towards azaserine. 

These findings have confirmed the 6-MP resistant character of Paterson’s 
tumor sublines A and B and have demonstrated that these tumors are cross- 
resistant to thioguanine, thioguanine riboside, and 9-methylthioguanine. 


1. A. R. P. Paterson. Can. J. Biochem. and Physiol. 38, 1117 (1960). 
2. A. R. P. Paterson. Can. J. Biochem. and Physiol. 38, 1129 (1960). 
3. A. C. SARTORELLI and G. A. LEPaGe. Cancer Research, 18, 938 (1958). 


























PAPER CHROMATOGRAPHY OF COMPLEX BIOLOGICAL 
MATERIALS BY SOLVENT REDEVELOPMENT WITHOUT 
PRIOR REMOVAL OF SALTS OR PROTEINS! 


ARTHUR E. PASIEKA 


Abstract 

A solvent redeveloping technique has been devised by which amino acids, 
peptides, and sugars can be separated from complex mixtures in the presence of 
high concentrations of salts and proteins. The separations are effected by two 
to four successive 18-hour solvent developments with drying between each 
18-hour period before subsequent staining of the chromatograms. Better 
separations and resolutions are obtained by such successive 18-hour solvent 
developments than by one continuous solvent development for an equivalent 
time. The effect of these redevelopments on the separations and resolutions of 
biological compounds is illustrated at various stages by photographs of one- and 
two-dimensional chromatograms. The redevelopment technique requires filter 
paper sheets up to 4 ft in length for one-dimensional analytical and preparative 
types of chromatograms. 

The use of conventional paper chromatography for the separation of amino 
acids, peptides, and sugars is restricted when salts or proteins are present. 
According to Block et al. (1) several desalting procedures have been developed 
but not one is completely satisfactory. When proteins are present, depro- 
teinization procedures are objectionable since the biological material may 
become contaminated with the deproteinizing agents, which can cause inter- 
ference in paper chromatography. 

In the course of studies of amino acid metabolism of normal and malignant 
mammalian cells in tissue culture in this laboratory (2-6), a major problem 
has been the selection of suitable organic solvent systems which would effect 
amino acid separations in the high salt medium M 150 (7). Medium M 150 is 
made up of approximately 60 biologically active compounds in a modified 
Tyrode’s solution (8). Total dry weight of the medium is 14 mg/ml, of which 
the amino acids, including glutamine, make up 1.1 mg, and the NaCl totals 
8.0 mg. Thus, there is a ratio of total amino acids to NaCl of about one to 
seven. If we further consider the ratio of glutamic acid, the amino acid present 
in the highest concentration, to NaCl it would be 0.15 mg to 8.0 mg per ml, a 
ratio of approximately one to fifty. The amino acid present in lowest concentra- 
tion, hydroxy-L-proline, would have a ratio to NaCl of 0.01 mg to 8.0 mg per 
ml, or one to eight hundred. 

Previous publications from this laboratory (2, 3) have reported separation 
of all the amino acids in medium M 150 without prior desalting if solvent 
mixtures of n-butanol, acetic acid, and water or m-butanol, ethanol, and water 
are employed. In these studies it was observed that chromatograms which 
were developed until the solvent migrated the full length of the paper (usually 
18 hours on S & S 597 or Whatman’s No. 1 filter paper), dried, and redeveloped 
for a second 18-hour period in the same solvent in the same direction before 
staining yielded good separations. Under the same conditions, the conventional 


‘Manuscript received May 2, 1960. 
Contribution from the Laboratory of Hygiene, Department of National Health and Welfare, 
Ottawa, Canada. 
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single solvent development yielded very poor separations. Detailed studies on 
the redevelopment technique have been very sketchy. Jeanes et al. (9) derived 
the number of developments necessary to give the maximum separation of the 
carbohydrates from simple sugar mixtures. Chakrabortty and Burma (10) 
showed the effect of redeveloping in strip and circular chromatography, 
employing mixtures of eight amino acids in simple solutions. In neither report 
(9, 10) was this technique applied to complex biological material containing 
high salt or protein concentrations. It is the purpose of this communication to 
describe the use of a solvent redeveloping technique to effect separations and 
resolutions of amino acids, peptides, and sugars in protein hydrolyzates, or in 
biological fluids containing extremely high concentrations of salts and proteins. 
The separations obtained were effected without prior desalting or deprotein- 
izing of the complex mixtures. 


Experimental Materials 


The chromatography tanks used in this study were of two types: either 
conventional glass tanks available commercially,* which accommodate up to 
eight filter paper sheets 9 in. by 223 in., or polyethylene tanks, made to our 
own specifications, which would accommodate six sheets of filter paper 24 in. 
by 48 in. Both types of tanks were set up for descending chromatography. 
S & S 597 and Whatman’s 3 MM filter papers were used throughout these 
studies. The solvents used were the m-butanol, acetic acid, water and n-butanol, 
ethanol, water mixtures described previously (2-6). 

Two synthetic tissue culture media were used in the present studies. Medium 
M 150 has been described previously (7). Medium M 1373 has the same basic 
formula as M 150 with the addition of the antibiotics streptomycin and neo- 
mycin. 

The amino acids and salts used in the synthetic media were commercial 
products of the highest purity. Stock supplies of amino acids were chromat- 
ographically pure. 

The Staphylococcus aureus 209 P cell suspensions used were prepared by 
Dr. G. Tolnai of this laboratory and were used purely for demonstrative pur- 
poses in this publication. 

Lactalbumin hydrolyzate (LAH) is a commercial productf prepared by 
enzymic digestion of purified lactalbumin. For the present study, this material 
was separated into two fractions, a low molecular weight or dialyzable fraction 
designated LMW and a non-dialyzable or peptide fraction designated HMW. 
This latter fraction showed approximately 30 peptide bands when examined 
by high voltage paper electrophoretic techniques. The use of high voltage 
paper electrophoresis for these characterization studies will be reported sub- 
sequently. The low and high molecular weight fractions were prepared by 
dissolving 1 g of LAH in 100 ml of water, transferring the solution to cellophane 
tubing, and dialyzing it against six 600-ml changes of deionized water over a 
period of 3 days at 4°C. The pore size of the membranes used was 4.8 mp. 
The dialyzing membranes were purified before use by six extractions with 


*Manufactured by Shandon of England, London, England. 
tObtained from Nutritional Biochemicals Corp., Cleveland, Ohio, U.S.A. 
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deionized water in a Soxhlet apparatus. The two fractions were concentrated 
by vacuum distillation and taken to dryness over concentrated H2SO, in 
desiccators. Weighed quantities of these fractions were then suspended in 
appropriate volumes of deionized water for analysis. 


Results and Discussion 


Separations and Resolutions of Amino Acids and Peptides in an Enzymatic 
Protein Hydrolyzate 

Application of the redeveloping technique to biological material is illustrated 

in Fig. 1, which shows a series of identical paper chromatograms of the low and 














L.A.H. 


Fic. 1. Paper chromatograms of fractions of Lactalbumin Hydrolyzate (enzymic), 
a Nutritional Biochemicals Corp. product (LAH). LMW, low molecular weight material. 
HMW, high molecular weight fraction or nondialyzable material. 

AMINO ACID KEY TO LMW 


This fraction also contains a series of low molecular weight peptides which 
moved up the chromatograms with the amino acids. No attempt has been made to 
characterize these in this study. 


1. Cystine 12. Threonine 

2. Cysteic acid 13. Tyrosine 

3. Lysine 14. a-Alanine 

4. Histidine 15. Proline and f-alanine 
5. Glutamine and asparagine 16. a-Aminobutyric acid 
6. Arginine 17. Methionine 

7. Histamine 18. Valine 

8. Serine 19. Phenylalanine 

9. Glycine 20. Leucine 

10. OH proline and citrulline 21. Isoleucine 


11. Glutamic 
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high molecular weight fractions of lactalbumin hydrolyzate. All the chromat- 
ograms shown are 223 in. in length and were developed in the m-butanol, acetic 
acid, and water mixture on S & S 597 filter paper (2, 3). The first three chro- 
matograms show the three solvent developing stages with careful drying of 
the filter paper strips between each solvent development. The first chroma- 
togram was developed until the solvent migrated the length of the chroma- 
togram, approximately 15 hours. It was then dried and stained with ninhydrin. 
The second chromatogram was developed twice in this same solvent, with 
drying in between developments, and was subsequently stained with ninhydrin. 
The third chromatogram received three solvent developments, with drying 
between each development, before staining with ninhydrin. A progressive 
increase in the degree of separation and resolution is clearly shown in chroma- 
tograms 1 to 3. The only limitation to this redevelopment technique is the 
length of the filter paper used. 

The redevelopment technique has been found to be particularly useful for 
the identification of individual amino acids by specific color reagents. This is 
illustrated in Fig. 1, chromatograms 4 to 8, which are reproduced after their 
second solvent development. On chromatogram 4, phenylalanine was identified 
in area 19 by the method of Pasieka and Morgan (11, 12). Chromatogram 5 
illustrates use of the isatin reagent as modified by Saifer and Oreskes (13). 
On chromatogram 6, proline was identified in area 15 by the method of Pasieka 
and Morgan (14). On chromatogram 7, arginine is shown in area 6 by the 
OH-quinoline reagent of Jepson and Smith (15). In chromatogram 8, areas 4, 
7, 13 were marked by means of the Pauly reaction according to Block (16) for 
histidine, histamine, and tyrosine, respectively. The redevelopment technique 
has separated the individual amino acids so that specific color reagents can be 
used for definite identification. 

Separations and Resolutions of Amino Acids and Sugars from the Same Acid 
Hydrolyzate 

Figure 2 demonstrates the effect of the redeveloping technique applied to the 
analysis of amino acids and sugars from the same sample. In this figure are 
shown chromatograms of hydrolyzates of bacterial cells from staphylococcal 
vaccines prepared in three different ways: (1) acetone-killed cells, (2) alcohol- 
killed cells, and (3) heat-killed cells. These hydrolyzates were obtained by a 
4-hour hydrolysis of the bacterial cells with 2 N H2SO, in each case. Samples of 
synthetic medium M 150 were included on the two chromatograms to serve as 
amino acid and glucose controls. The chromatogram on the left has been stained 
for amino acids with ninhydrin. The right chromatogram has been stained for 
sugars with the aniline oxalate reagent of Horrocks (17). Only the second stage 
of solvent development is shown since the first stage was of no value for the 
separation and resolution of amino acids and sugars. Again, as in Fig. 1, the 
separation of amino acids, sugars, and other breakdown products was limited 
only by the length of the paper used. These hydrolyzates were not freed of 
H,SO,, nucleic acid constituents, or other hydrolyzed cell components before 
effecting separation. Seven ninhydrin-positive areas remained unidentified 
after application of both general and specific amino acid color reagents. These 
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Fic. 2. Paper chromatograms of amino acids in medium M 150 after two develop- 
ments; 5 ml M_150 concentrated to 0.2 ml of water and with 10 ) aliquots used. 


Sugars: Aniline oxalate color reagent of Horrocks used. 
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A. Cystine K. Proline 

B. Lysine L. Tyrosine 

C. Histidine M. Phenol red 
D. Arginine N. Trytophan 
E. Glutamine O. Methionine 
F. Aspartic acid and serine P. Valine 

G. Glycine and OH-.-proline Q. Phenylalanine 
H. Glutamic R. Leucine 

I. Threonine S. Isoleucine 

J. Alanine 
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Color Reducing substance 
Light brown spot ? 
Light brown spot Galacturonic acid 
Light brown spot Glucosamine ? 
Dark brown spot Glucose 
Light brown spot Galactose 
Red spot Mannose 
Orange red spot Rhamnose 
Light brown spot ? 
Red spot Xylose ? 
Yellow spot 
Pink red spot ? 
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areas are numbered 1 to 7 on the left chromatogram 3. 

Glucose is indicated on the right chromatogram in the area labelled 43. No 
serious attempts were made in this study to identify all the sugars found in 
these cells since the main purpose was to determine the resolutions obtained 
when the two classes of compounds were present in the same mixture. 


Separations and Resolutions of Amino Acids from a High Salt and High Protein 
Mixture 
Figure 3 demonstrates the separations of amino acids in the presence of high 
salt and high protein concentrations from a medium used for tissue culture. 
This figure shows a two-dimensional paper chromatogram of a medium made up 


‘CONTROL 





= AE E108! 
(tee MI3 73° SERUM 


Fic. 3. A two-dimensional paper chromatogram of 80% M 1373 + 20% human 
serum, a tissue culture medium. The amino acids tyrosine, trytophan, methionine, 
valine, phenylalanine, leucine, and isoleucine have migrated off the paper in the vertical 
direction, in the first dimension. 


A. Cystine H. Glycine 

B. Lysine I. OH-t-proline 
C. Histidine J. Glutamic 
D. Arginine K. Threonine 
E. Glutamine L. Alanine 

F. Aspartic M. Proline 

G. Serine 


Note: M 1373 = M 150 with the antibiotics streptomycin and neomycin 
added to the M 150 formula. 
of 80% M 1373 and 20% human serum by volume. Medium M 1373 is M 150 
(7) with the addition of streptomycin and neomycin. Three solvent develop- 
ments were carried out in the vertical direction with n-butanol, acetic acid, 
and water and three developments in the horizontal direction with ethanol, 
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n-butanol, and water mixture (2, 3). The amino acids did not separate out as 
readily from this medium in the presence of high salts and proteins. Three 
developments were found necessary to obtain good separation on the vertical 
development in contrast to two developments which were sufficient in the ab- 
sence of protein (see Fig. 2). It should be noted that all amino acids above 
proline, area M, in this figure have migrated off the paper. It is evident that 
the solvent redeveloping technique (Fig. 3) largely overcomes the interference 
with amino acid analysis exerted by proteins in biological mixtures. That the 
interference is not completely overcome is indicated by the “‘tailing effect’’ in 
certain areas, such as aspartic acid (area F). The salts on this chromatogram 
have migrated away from the ninhydrin material and are concentrated in an 
egg-shaped area close to the position marked “‘control’’ on the chromatogram. 





Fic. 4. A two-dimensional paper chromatogram of the amino acids in M 150 after 
three solvent developments in each direction; 5 ml M 150 concentrated to 0.2 ml; 10 A 
volumes used. 


1. Cystine 12. Threonine 

2. Lysine 13. a-Alanine 

3. Arginine 14. Proline 

4. Aspartic 15. Methionine sulphoxide (M.S.O.) 
5. Histidine 16. Tyrosine 

6. Glutamine 17. Trytophan 

7. Glutamic acid 18. Methionine 
8. Glycine 19. Valine 
19. Serine 20. Phenylalanine 
10. OH-t-proline 21. Isoleucine 

11. Histamine 22. Leucine 


Note: Histamine and methionine sulphoxide are not in the M 150 formula 
(7) but appeared as contaminants of histidine and methionine used in this particular 
batch of M 150. 
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Separations and Resolutions of Amino Acids from Medium M 150 into Discrete 
Spots for Quantitative Determinations of Amino Acids on Paper Chromat- 
ograms 

The use of large filter paper sheets and the redeveloping technique enables 
separation of all the amino acids found in medium M 150 into discrete spots, 
but these separations could only be achieved by solvent redeveloping. Figure 4 
illustrates the separations obtained in the solvent systems of n-butanol, acetic 
acid, and water (2) and the solvent of pyridine, m-butanol, and water (50:50:15), 
with three developments in each direction. All the amino acids are separated 
completely except leucine and isoleucine, which show only partial separation. 
These can be separated with the mixture of pyridine, isoamyl alcohol, and 
water (50:50:15) if used in the second direction in the second or third solvent 
development. The solvent mixture of pyridine, n-butanol, and water was found 
to be of limited value as a one-dimensional solvent but was very effective in the 
second dimension, especially for the separation of glycine and serine, the basic 
amino acids, and glutamic acid and threonine (Fig. 4). It should also be pointed 
out that the amino acids separated in Fig. 4 are now salt free. The salts of the 
medium were located in the indicated position by the use of Wood’s chloride 
reagent (18). This was accomplished by contact printing of the wet chromato- 
gram with a dry filter paper sheet before the last drying stage prior to staining 
with ninhydrin. 

With the type of chromatogram shown in Fig. 4 all the amino acids can be 
measured quantitatively by scanning each spot with a photoelectric colorimeter 
and estimating the quantity of amino acid from the area under the curve 
obtained by a plot of color densities, or by eluting the spots from the chromato- 
gram and measuring the intensity of the ninhydrin color spectrophotometric- 
ally (1). 

Separations and Resolutions of Amino Acids from Medium M 150 on Long Filter 
Paper Strips 

Figure 5 demonstrates the use of the redeveloping technique in the separation 
of amino acids from a high salt mixture using larger samples on 4-ft chromat- 
ograms. This figure shows four solvent development stages and the effect of 
each on the separations and resolutions of amino acids. The fourth and fifth 
chromatograms received four 18-hour solvent developments. The first four 
chromatograms were stained with ninhydrin after each developing stage to 
show the separated amino acids. The fifth chromatogram was stained with 
Wood's chloride reagent (18) to show the position of the salt ions. All chromat- 
ograms were developed with u-butanol, acetic acid, and water solvent (2, 3), 
employing Whatman’s 3 MM filter paper in strips of 9 in. by 48 in. The 10-ml 
samples of medium M 150 were streaked onto the chromatograms from con- 
centrates of 0.4 ml. The first chromatogram on the left shows the separation of 
amino acids over a 24-in. section of the chromatogram effected in 18 hours. 
This chromatogram is typical of conventional methods and shows only slight 
separation and resolution. The second chromatogram shows better separation 
and resolution with the amino acids separated over a length of 32 in. The third 
and fourth chromatograms show very marked separations and resolutions of 
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Fic. 5. Paper chromatograms 1 to 4 of the amino acids in 10-ml samples of M 150 
showing the effect of separation and resolutions after each solvent development stage 
with drying between each development. 

For the amino acid key to this figure refer to Fig. 2 under M 150 where each 
amino spot is located. 
Chromatogram 42 shows the salts of 10 ml of M 150 and the resolutions 
obtained; the color reagent used, Wood's chloride reagent (18). 
Ai. Adenylic acid 
B, C;. Hanks’ salts or inorganic ions 
D,. Chloride ions as found in M 150; area contains 80 mg of NaCl chloride 
E,. Adenine 

most amino acid bands. The amino acids have now moved about 42 inches 

over the paper and this appeared to be the effective length necessary to provide 

separations with the solvent system used. The chromatogram on the extreme 
right (42) is identical with chromatogram 4 but was stained to show the 

positions of the salts from the medium. The chloride ions are located in area D,, 

which contains 80 mg of NaCl. It should be noted that the clear separations 

and resolutions of the amino acids in chromatograms 3 and 4 were achieved in 
the presence of this high salt content. The actual separation patterns obtained 
by the streaked chromatograms are essentially similar to those obtained with 


the spot technique (Fig. 2). 


The Effect of Continuous Solvent Development on Amino Acid Separations and 
Resolutions 

Figure 6 shows the effect of one continuous 54-hour solvent development on 
the separation of amino acids in medium M 150. This chromatogram was 
similar to those shown in Fig. 5 but was not dried at 18-hour intervals. The 
amino acids migrated the full 4-ft length of the filter paper. This chromatogram 
lacks the sharp bands seen previously (Fig. 5) and does not show distinct 
separations. It is evident that, under these conditions, the drying of chromat- 








1146 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 





Fic. 6. A paper chromatogram of the amino acids in 10 ml of M 150 after a con- 
tinuous 54-hour solvent development showing very poor resolution when compared to 
chromatogram 3 in Fig. 5. 


ograms between solvent developments is essential for obtaining good resolu- 
tion. Since repeated exposures of solvents to the filter paper yielded better 
separations than continuous solvent development, it would appear that the 
amount of water or solvent absorbed by the cellulose fibers is a critical factor 
for good resolution. 


Reproduction of Amino Acid Separations on Paper Chromatograms 

It was found that reproducible chromatograms could be obtained at all 
seasons of the year if dry tanks were used and if the water concentrations in the 
solvents used did not exceed 15% by volume. For most practical purposes, 
10% to 15% water by volume was found most suitable for the separation of 
amino acids, peptides, sugars, and nucleic acid derivatives. These observations 
were based on extensive experiments with variations in the water content of the 
n-butanol, acetic acid, and water solvent system (2, 3). A similar proportion 
of water was found most suitable with the other solvent systems used in this 
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study. A detailed study on the critical levels of water in solvent systems for 
amino acid analyses is to appear elsewhere. The application of the redeveloping 
technique to the separation of gram quantities of amino acids and peptides on 
ordinary filter paper is under study and will be reported subsequently. 


Acknowledgments 


The author is indebted to Dr. J. F. Morgan for his guidance and interest and 
to Miss C. Wilson for technical assistance. 


References 


1. R. J. BLocx, E. L. Durrum, and G. Zweic. A manual of paper chromatography and 
paper electrophoresis. 2nd ed. Academic Press, Inc., New York. 1958. 

. A. E. Pasteka, H. J. Morton, and J. F. MorGan. J. Natl. Cancer Inst. 16, 171 (1956). 

. A. E. Pasrexa, H. J. Morton, and J. F. Morcan. Can. J. Biochem. and Physiol. 36, 
171 (1958). 

. A. E. PasteKa, H. J. Morton, and J. F. MorGcan. Can. J. Biochem. and Physiol. 36, 771 

(1958). 

A. E. PasteEKa and J. F. MorGan. Nature, 183, 1201 (1959). 

A. E. PasteKa, H. J. Morton, and J. F. MorGan. Cancer Research. In press. 

. J. F. Morcan, M. E. CAMPBELL, and H. J. Morton. J. Natl. Cancer Inst. 16, 557 (1955). 

. J. H. Hanks and R. E. WALLACE. Proc. Soc. Exptl. Biol. Med. 71, 196 (1949). 

. A. Jeanes, C. S. Wisk, and R. J. Dimcer. Anal. Chem. 23, 415 (1951). 

. H. C. CHAKRABORTTY and D. P. Burma. Anal. Chim. Acta, 15, 451 (1956). 

. A. E. PAsteKa and J. F. MorGan. Biochim. et Biophys. Acta, 19, 366 (1956). 

. A. E. PasreKA and J. F. MorGan. Anal. Chem. 28, 1964 (1956). 

. A. SAIFER and I. OrREsKEs. Science, 119, 124 (1954). 

. A. E. PasreKa and J. F. MorGan. Proc. Soc. Exptl. Biol. Med. 93, 54 (1956). 

. J. B. Jepson and I. SmitH. Nature, 172, 1100 (1953). 

. R. J. Block. Arch. Biochem. Biophys. 31, 266 (1951). 

. R. H. Horrocks. Nature, 164, 444 (1949). 

18. T. Woop. Nature, 176, 115 (1955). 


wr 


po bah fash pf fb tn 
SOUP WNREOOCONAM & 








1149 


PROTEIN METABOLISM OF RAT BRAIN SLICES! 
Y. TAKAHASHI AND Y. AKABANE 


Abstract 


Rat brain slices respiring in a Krebs-Ringer phosphate medium were found to 
incorporate glycine-2-C'* and DL-glutamic acid-1-C" into the protein. 

The addition of succinate as the substrate reduced the incorporation of 
glycine-2-C"* into the protein of brain slices. The addition of glutamic acid, 
glutamine, and methionine sulphoxide into the glucose Krebs-Ringer phosphate 
medium inhibited the incorporation. 


The incorporation was also inhibited by 2,4-DNP in concentrations that do not 
decrease oxygen consumption. 

The respiration and the incorporation of glycine-2-C' were inhibited progres- 
sively with an increase in the concentration of isomytal, azacyclonol, chlor- 
promazine, and acetylpromazine. In the presence of succinate as the substrate 
these drugs did not inhibit the respiration of brain slices. 


Introduction 


Recently the protein metabolism of brain has been actively investigated in 
several laboratories (1, 2, 3). But the major parts of these studies were carried 
out in vivo, not in vitro. A report of Lindan et al. (4) showed the effects of 
chlorpromazine on the incorporation of glycine-1-C'™ into the protein of rat 
brain slices. 

One of us has published previously some studies on the protein metabolism 
of brain in vivo and in vitro (5, 6). 

The present work was undertaken to obtain further information on protein 
synthesis of brain slices, particularly the effects of some neurotropic drugs upon 
protein synthesis. 


Methods 

Animal Treatment 

Male and female rats, weighing about 120 g, and rabbits, weighing about 2 kg, 
were used. The animals were killed by decapitation. The brain was immediately 
excised and washed in cold 0.9% NaCl solution. The tissue slices were prepared 
with a Stadie—Riggs type slicer and 80—150 mg of brain slices were suspended 
in chilled Warburg flasks containing 1.7 ml of Krebs-Ringer phosphate 
solution of pH 7.4, 0.2 ml of 3% glucose (or 0.2 ml of 0.3 M sodium succinate 
solution), and 0.1 ml (1.0 uc) of glycine-2-C™ (or 0.1 ml (5.0 4c) of glutamic 
acid-1-C"*) in a 0.9% NaCl solution. The total volume in the flask was 2.0 ml. 

The flasks were incubated at 37° C under pure oxygen, usually for 2 hours. 
During the incubation period they were shaken and readings of oxygen uptake 
were taken at 10-minute intervals. At the end of the incubation period, the 
flasks were removed from the manometer, rapidly chilled in crushed ice, and 
2 ml of 10% TCA was pipetted into the incubation mixtures. The protein was 
isolated and analyzed as described below. 


1Manuscript received in original form May 6, 1960, and, as revised, July 12, 1960. 
Contribution from the Department of Neurology and Psychiatry, Niigata University School 
of Medicine, Niigata, Japan. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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Isolation of Protein 

The contents of each flask and washings with 2 ml of 5% TCA were trans- 
fered into a Potter—Elvehjem glass homogenizer and homogenized. The acid- 
insoluble material was separated by centrifugation and washed three times 
with 5% TCA solution. The insoluble material after centrifugation was washed 
once with 5% TCA at 90°C for 15 minutes and twice with cold 5% TCA. 
Then the precipitate was further washed twice with 95% alcohol, twice with 
hot alcohol-ether (3:1), and once with hot chloroform—methanol (1:1). The 
material obtained in this manner will be referred to as the protein fraction. 


Measurement of Radioactivity 

The protein obtained as described above was plated on stainless steel disks, 
and dried with infrared radiation. The dried materials were weighed and their 
radioactivities were measured by the Lauritsen electroscope. The radioactivi- 
ties were expressed as divisions per minute per gram of protein. 

The data were corrected for the background and the self-absorption of the 
sample. 


C'* Compound 

Glycine-2-C'* was obtained from the Radiochemical Centre (Amersham, 
England) and from Daiichi Kagaku Inc. (Tokyo, Japan). Specific activities 
were 65.3 uc/1.0 mg, 46.5 wc/1.0 mg, and 13.3 wc/1.0 mg, respectively. DL- 
Glutamic acid-1-C'* was obtained from Radiochemical Centre (Amersham, 
England), the specific activity being 26.5 uc/1.0 mg. 


Drugs 

Isomytal (sodium isoamylethyl barbiturate, Nippon Shinyaku Inc., Kyoto, 
Japan), Azacyclonol (Frenquel, 2,4-piperidyl benzhydrol hydrochloride, Wm. S. 
Merrell Company, Cincinnati, Ohio, U.S.A.), Chlorpromazine (Yoshitomi 
Inc., Osaka, Japan), and methionine sulphoxide (Nutritional Biochemicals 
Corporation, Cleveland, Ohio, U.S.A.). 


Results 


Time Course of Incorporation of Glycine-2-C'* and Glutamic Acid-1-C' into 
Protein 

Figure 1 shows a typical case of the time course of the incorporation of 
glycine-2-C'* and of DL-glutamate-1-C'* into protein with the oxygen uptake 
of the rat brain cortex slices. The incorporation of glycine-2-C ' into the protein 
and oxygen uptake proceeded at a nearly constant rate for 3 hours. 

The incorporation of DL-glutamic acid-1-C'* into protein proceeded at a 
nearly constant rate for 1 hour, but after 1 hour this incorporation proceeded 
relatively slowly. 

The Effect of DNP 

The effect of 2,4-dinitrophenol (DNP), a decoupling agent of oxidative 
phosphorylation, upon the incorporation of glycine-2-C into the protein was 
observed. The results are summarized in Table I. DNP (510-5 M), which 
stimulated the respiration of the brain slices, showed an inhibitory effect upon 
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_ Fic. 1. Time course of the incorporation of glycine-2-C™ and pi-glutamic acid-1-C"™ 

into proteins and the oxygen consumption of rat brain cortex slices. 

i Rat brain slices (100 mg) were incubated at 37° in Krebs-Ringer phosphate 
containing 1.0 yc of glycine-2-C"* (5.0 uc of DL-glutamic acid-1-C'*) and 0.016 M of glucose. 
Specific activity of glycine-2-C'™ was 46.5 uc/mg and that of pL-glutamic acid-1-C™ was 
26.5 uc/mg. Specific activity of protein: scale divisions/minute/gram protein. Oxygen 
consumption: uliters/gram tissue. O Glycine. @ Glutamic acid. A Oxygen consumption. 


the incorporation of glycine-2-C™ into the protein of brain slices. The respira- 
tion and protein synthesis were equally depressed by 5X10-* M DNP. 


TABLE I 


The effect of dinitrophenol on the incorporation of glycine-2-C'* 
into the protein of the rat brain slices 








Specific activity 





Concentration Oxygen consumption of protein 
of DNP (M) (ul/g/2 hr) (div./min/g) 
_— 3070 100% 37.9 100% 
1x10-* ~- — 0 0 
5 x10-4 1120 36% 14.1 37% 
5X<10-5 5510 180% 16.7 44% 





Norte: For experimental conditions see legends for Fig. 1. Specific activity of 
glycine-2-C'*: 13.3 wc/mg. The values are means of two experiments. 


The Effect of Methionine Sulphoxide, Glutamine, and L-Glutamic Acid 

It is well known that methionine sulphoxide (MS) is an inhibitor of glutamine 
synthesis and a seizure-inducing agent. Recently Rabinovitz et al. (7) reported 
that MS was an inhibitor of the protein synthesis in Ehrlich ascites tumor cells. 
Therefore the effects of MS, glutamine, and glutamic acid upon the incorpora- 
tion of glycine-2-C" into the protein of brain slices were studied. The results 
are shown in Table II. MS did not cause a significant effect upon the respira- 
tion, but at 10-? M concentration it showed significant inhibitory effect upon 
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TABLE II 


The effects of methionine sulphoxide, glutamine, and L-glutamic acid 
upon the incorporation of glycine-2-C"* into the protein of rat 
and rabbit brain slices 








Specific activity of 





Concentration Oxygen consumption protein 
(M) (ul/g/2 hr) (div./min/g) 
Methionine sulphoxide*, t 
— 2930 127 
1x10 2590 107 
1x10-3 2700 127 
Glutamine, § 
~- 1920 53.2 
1107? 2280 30.1 
1x10-3 — 27.0 
L-Glutamic acid*,§ 
— — 35.0 
8xX10-3 — 12.6 





Note: Rat brain slices* (150 mg) and rabbit brain slicest (100 mg) were incubated at 37° 
for 2 hours in Krebs-Ringer phosphate containing 1.0 wc of glycine-2-C' (specific activity 
65.3 wc/mgt, 46.5 wc/mg§) and methionine sulphoxide (or glutamine or glutamic acid). The 
values are means of three experiments. 


the incorporation of glycine-C™ into protein. Addition of glutamine also 
significantly inhibited the protein synthesis. Glutamine did not reverse the 
MS inhibition of protein synthesis. Glutamic acid had considerable inhibitory 
effect upon the incorporation of glycine-C* into the protein. 


The Effects of Some Neurotropic Drugs 

(1) Sodium Isoamylethyl Barbiturate ( Isomytal) 

Table III shows the effects of isomytal upon the respiration and protein 
synthesis of the rat brain slices. The respiration and the incorporation of 
glycine-C* into protein were inhibited progressively with the increase of the 
concentration of this drug from 1X10-* to 110-3 M. The inhibition of the 
rate of glycine-C incorporation into protein was usually greater than that of 
oxygen consumption. Also isomytal gave stronger effects than the two drugs 


TABLE III 


The effects of isomytal on the respiration and the incorporation of 
glycine-2-C" into the protein by rat brain cortex slices 











Concentration of Specific activity 
isomytal Oxygen uptake of protein 

Substrate (M) (ul/g/2 hr) (div./min/g) 
Glucose — 3390 100% 87.6 100% 
1x10-3 860 25% 24.7 28% 
5xX10-4 1920 57% 36.6 42% 
1x<10~4 2850 84% 54.5 62% 
Succinate — 4600 100% 69.7 100% 
1x10-3 4220 92% 21.9 31% 
$x10-* 4830 105% 46.0 66% 
1x10-4 5550 121% 58.5 86% 





Note: Rat brain slices (100 mg) were incubated at 37° for 2 hours in Krebs-Ringer 
phosphate containing 1.0 uc of glycine-2-C' (specific activity, 46.5 wc/mg), substrate, 
and isomytal. The values are means of three experiments. 
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mentioned below. The respiration of the brain slices was considerably higher 
in the presence of succinate than in the presence of glucose. However, the 
incorporation of glycine-2-C'™ into protein was reduced in the presence of 
succinate. In the presence of succinate as a substrate isomytal (even at 
1X10-* M) did not inhibit the respiration but inhibited the incorporation of 
glycine-C" into protein. 


(2) Azacyclonol ( Frenquel) 

The effects of a hallucination-blocking agent, Azacyclonol (Frenquel) upon the 
respiration and protein synthesis in the rat brain slices are shown in Table IV. 
Azacyclonol inhibited also the respiration and protein synthesis progressively 
with increase of the concentration from 110~‘ to 1X10-* M. The inhibition 
of the rate of glycine-C* incorporation into protein was again usually greater 
than that of oxygen consumption. 


TABLE IV 


The effects of azacyclonol on the respiration and incorporation of 
glycine-2-C" into the protein by rat brain cortex slices 











Concentration of Specific activity 
azacyclonol Oxygen uptake of protein 

Substrate (M) (ul/g/2 hr) (div./min/g) 
Glucose — 3390 100% 42.6 100% 
1x<10-* 3230 92% 26.0 61% 
110-4 3290 94% 36.0 85% 
Succinate — 4170 100% 26.4 100% 
210-5 4240 102% 11.4 43% 
1x10-8 4620 111% 18.3 69% 





Note: The experimental conditions were the same as in Table III. Specific activity 
of glycine-2-C (13.3 wc/mg). The values are means of three experiments. 


Azacyclonol did not inhibit the respiration in the presence of succinate as 
the substrate, but it inhibited the protein synthesis. 


(3) Chlorpromazine 


The effects of chlorpromazine, a well-known tranquillizer, are shown in 
Table V. The respiration and protein synthesis of the brain slices were 


TABLE V 


The effects of chlorpromazine on the respiration and incorporation of 
glycine-2-C" into protein by rat brain cortex slices 











Concentration of Specific activity 
chlorpromazine Oxygen uptake of protein 

Substrate (M) (ul/g/2 hr) (div./min/g) 
Glucose — 3250 100% 35.7 100% 
5x10-4 2200 68% 28.0 78% 
1x10-* 2750 85% 33.1 93% 
$xX10-% 3250 100% 41.2 115% 
Succinate — 4530 100% 38.0 100% 
5x<10-4 4520 100% 13.5 36% 
1x<10~ 4900 108% 19.6 52% 
5 x<10-5 5600 124% 23.7 62% 





Note: The experimental conditions were the same as in Table III. Specific activity 
of glycine-2-C'* (13.3 wc/mg). The values are means of three experiments. 
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significantly inhibited by 5X10-‘ M of this drug. This drug did not inhibit 
the respiration in the presence of succinate as the substrate but strongly 
inhibited the protein synthesis. Acetylpromazine, a derivate of chlorpromazine, 
caused similar effects upon respiration and protein synthesis, as shown in 
Table VI. 
TABLE VI 
The effects of acetylpromazine on the respiration and incorporation 
of glycine-2-C'4 into protein by rat brain cortex slices 











Concentration of Specific activity 
acetylpromazine Oxygen uptake of protein 
Substrate (M) (ul/g/2 hr) (div./min/g) 
Glucose — 3390 100% 35.2 100% 
5x10-4 2070 60% 14.8 42% 
1x10-4 2570 76% a2.2 91% 
5x107-5 3190 94% 32.6 93% 
Succinate _- 4880 100% 34.5 100% 
5x10-4 5110 105% 18.9 55% 
1x10- 5270 108% 26.0 75% 
5x10-5 5450 112% 30.9 90% 





Note: The experimental conditions were the same as in Table III. Specific activity 
of glycine-2-C'! (13.3 wc/mg). The values are means of three experiments. 


Discussion 


The incorporation of labelled amino acid into the protein of brain slices was 
studied recently by Lindan et al. (4) and by Ogata et al. (5). The present results 
indicate that glycine-2-C'* and glutamic acid-1-C'* were incorporated into the 
protein of brain slices. 

It is interesting to note that succinate, a substrate that increases the oxygen 
consumption of brain slices, did not support the incorporation of glycine-C™ 
into the protein of brain slices as much as glucose. In the presence of glucose 
slices of guinea pig brain maintain their levels of high energy phosphate com- 
pounds, while in the presence of succinate the levels of phosphocreatine and 
adenosine triphosphate fall (8). Succinate does not support either the formation 
of phospholipid, phosphoprotein, or ribonucleic acid (9, 10) or the active 
transport of glutamate into brain slices against a concentration gradient (11). 
Protein synthesis also is apparently dependent upon the presence of the energy 
donor compounds. This idea is supported by the finding that the addition of 
DNP causes a great reduction in the incorporation of glycine-C' into the 
protein of brain slices. DNP, a decoupling agent of oxidative phosphorylation, 
inhibited the incorporation of amino acid-C" into protein and that of P® into 
phosphorus compounds in the concentration which increases the respiration of 
brain and liver slices (12, 13). 

It is known that MS is an analogue of glutamine and methionine sulphoxi- 
mine, a derivative of MS, is a seizure-inducing agent. Tower (14) observed 
inhibition of glutamine synthesis by incubated slices of cat cerebral cortex 
taken from animals after the onset of seizures induced by methionine sulphox- 
imine. Rabinovitz et al. (7) reported that the incorporation of amino acid-C™ 
into the protein of Ehrlich ascites tumor cells was inhibited by MS, and this 
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inhibition was reversed by the addition of glutamine. Recently they (15) 
reported further that the inhibitory effects of MS on the incorporation of amino 
acid-C'* into the protein of the normal liver were not as great as those in 
Ehrlich ascites tumor cells. Rychlik et al. (16) reported the inhibitory effect of 
MS upon amylase formation in pancreas tissue. Lund (17) found inhibition of 
MS upon aldolase synthesis in wheat. The present results were similar to those 
obtained in normal liver by Rabinovitz. These findings may be due to the high 
glutamine content of brain slices. It is interesting that inhibition of glycine-C™* 
incorporation into brain protein by addition of glutamine alone was observed. 
The addition of glutamic acid caused also a significant reduction in the incor- 
poration of glycine-C* into the protein of brain slices. It is already known that 
the addition of glutamine or glutamic acid to glucose-containing Krebs—Ringer 
phosphate medium caused a decrease of the high energy phosphate compounds 
of brain slices (18, 19). This fact may account for the above findings con- 
cerning glycine-C* incorporation. 

Recently Lindan et al. (4) reported on the amytal inhibition of the respiration 
and protein synthesis in brain slices. The present results show that isomytal 
similarly inhibits the respiration and protein synthesis of brain slices. The rate 
of protein synthesis was inhibited more than that of respiration. The inhibition 
of protein synthesis might be due to the depression of oxidative phosphorylation 
with isomytal, and particularly due to the decoupling of phosphorylation with 
a low concentration of isomytal. It is interesting that Ansell et a/. (20) and 
Dawson et al. (21) reported the inhibition of P® incorporation into the brain 
phospholipid with barbiturates in vivo. Findlay et al. (9), Strickland (10), and 
Engelhardt et al. (22) found inhibition of P® incorporation into phospholipid, 
RNA, and phosphoprotein of brain slices by barbiturates. In the presence of 
succinate as the substrate the respiration of the brain slices was not affected 
by the addition of isomytal although the incorporation of glycine-C™ into 
protein was inhibited. These observations on the respiration in the presence 
of succinate are in agreement with those of Lindan et al. (4). 

There are few reports on the effects of azacyclonol upon brain metabolism. 
Recently Magee et al. (23) showed that the addition of azacyclonol (10-* M) 
to slices of guinea pig brain caused an increase in the labelling of lipid P from 
inorganic P*®, When the concentration was increased to 5X10-* M, inhibitory 
effects were observed. Ansell et al. (24) discovered the inhibitory effects of 
azacyclonol on the phospholipid synthesis of brain tissue in vivo. The present 
results show that the addition of azacyclonol (110-* M) causes a slight 
inhibition of the respiration and considerable inhibition of the incorporation of 
glycine-C'* into protein. These findings are not in agreement with the Magee’s 
results on phospholipid synthesis. This discrepancy may be due to different 
mechanisms of protein synthesis and phospholipid synthesis. 

There are no reports on the effect of chlorpromazine upon protein metabolism 
except that of Lindan et al. The present results indicate that 10-‘* M, but not 
10-* M, chlorpromazine inhibits respiration and protein synthesis. These 
results are similar to those of Lindan et al. with chlorpromazine. The report of 
Magee ef al. (23) indicated that 10-* M chlorpromazine increased the incorpora- 
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tion of P* into the phospholipid of brain slices but 10~-* M greatly decreased 
this incorporation. On the other hand, Ansell et al. (25) and Wase et al. (26) 
reported that chlorpromazine depressed the incorporation of P® into the phos- 
pholipid in vivo. They considered the depression of the formation of energy- 
rich phosphate compounds and of the specific synthesis pathway into the 
phospholipids as the mechanisms of the inhibition. Depression of the formation 
of energy-rich phosphate compounds of brain mitochondria with chlorpromazine 
was found by Abood (27) but Berger (28) could not confirm this finding. 

According to the present results, the protein synthesis of brain slices is 
inhibited by chlorpromazine. The authors (29) reported that the glutathione 
synthesis of brain slices is also inhibited. A reaction common to glutathione and 
protein synthesis may thus be inhibited. The probable site of this inhibition may 
be the oxidative phosphorylation. With succinate as substrate chlorpromazine 
had no effect upon the respiration of brain slices, but it had an inhibitory 
effect upon protein synthesis. Lindan ef al. (4) reported similar results on the 
respiration and protein synthesis. But Kurokawa et al. (30) pointed out that 
chlorpromazine inhibited the succinate oxidation in the brain homogenate 
preparation. According to recent reports by Dawkins et al. (31, 32) under 
conditions where maximal rates of succinate oxidation are possible, chlorpro- 
mazine was found to be inhibitory to this reaction in liver mitochondria. These 
discrepancies may be due to the difference in the experimental conditions, 
particularly in the tissue preparation. 


References 


M. K. GAITONDE and D. RICHTER. Proc. Roy. Soc. B, 145, 83 (1956). 
. A. Lajtua, S. Furst, A. GERSTEIN, and H. WAELscuH. J. Neurochem. 1, 289 (1957). 

A. V. PALLADIN and N. VERTAIMER. Doklady Acad. Nauk. S.S.S.R. 102, 319 (1955). 
O. Linpan, J. H. QuUASTEL, and S. SvEp. Can. J. Biochem. and Physiol. 35, 1145 (1957). 
K. Ocata, Y. TAKAHASHI, and K. MAsE. J. Japan. Biochem. Soc. 28, 743 (1957). 
K. Ocata, Y. TAKAHASHI, and K. Mase. J. Japan. Biochem. Soc. 29, 640 (1957). 
M. Rasrnovitz, M. E. Otson, and D. M. GREENBERG. J. Biol. Chem. 222, 879 (1956). 
. C. C. Kratzinc. Biochem. J. 54, 312 (1953). 
. J. M. Finpvay, R. J. Rossiter, and K. P. StrRIcKLAND. Biochem. J. 55, 200 (1953). 
. K. P. StricKLanp. Can. J. Biochem. and Physiol. 32, 50 (1954). 
. J. R. Stern, L. V. EGGLeston, R. HEMs, and H. A. Kress. Biochem. J. 44, 410 (1949). 
eh Opn eal “ C. ZAMECNIK, J. W. REESE, and M. L. STEPHENSON. J. Biol. Chem. 174, 

3 (1948). 
. H. A. DeLuca, R. J. Rossiter, and K. P. StRICKLAND. Biochem. J. 55, 193 (1953). 
. D. B. Tower. Biochemistry of the central nervous system. Edited by F. Briicke. The 
Pergamon Press Ltd., London. 1959. p. 213. 

15. M. Rasinovitz, M. E. Otson, and D. M. GREENBERG. Cancer Research, 19, 388 (1959). 
16. I. Rycuiix and F. Sorm. Collection Czechoslov. Chem. Communs. 23, 759 (1958). 
17. H. A. Lunn. Biochim. et Biophys. Acta, 33, 347 (1959). 


SOON AUR we 


— 
Ne 


—— 
mW 


18. H. McItwatn. J. Mental Sci. 97, 674 (1951). 

19. H. McItwatrn, L. BUCHEL, and J. D. CueEstrRE. Biochem. J. 48, 12 (1951). 

20. G. B. ANsELL and H. DOHMEN. J. Neurochem. 2, 1 (1957). 

21. R. M. C. Dawson and D. RicHTER. Proc. Roy. Soc. B, 137, 252 (1950). 

22. V. A. ENGELHARDT and N. P. Ltsowxaya. Biochemistry of central nervous system. 
Edited by A. V. Palladin. Japanese translation by J. Matsumoto. Kyowa Shoten, 
Inc., Kyoto, Japan. 1957. p. 77. 

23. W. v7; oO J. F. Berry, and R. J. Rossiter. Biochim et Biophys. Acta, 21, 408 
1956). 

24. G. B. ANSELL and A. Morcan. Biochem. J. 69, 309 (1958). 

25. G. B. ANSELL and H. DoumMEN. J. Neurochem. 1, 150 (1956). 

26. A. W. Wass, J. CHRISTENSEN, and E. Potitay. Arch. Neurol. Psychiat. 75, 54 (1956). 

27. L. G. ABoop. Proc. Soc. Exptl. Biol. Med. 88, 688 (1955). 





)). 





28. 


. Y. TAKAHASHI and Y. AKABANE. Psychiat. Neurol. Japan. 62, 709 (1960). 
30. 


31. 
32. 


TAKAHASHI AND AKABANE: PROTEIN METABOLISM 1157 
M. BERGER. J. Neurochem. 2, 30 (1957). 


M. Kurokawa, H. Naruse, M. Kato, T. YABE, and R. HaBa. Psychiat. Neurol. Japan. 
59, 20 (1957). 

M. J. R. Dawkins, J. D. Jupan, and K. R. REEs. Biochem. J. 72, 204 (1959). 

M. J. R. Dawkins, J. D. Jupan, and K. R. REEs. Biochem. J. 73, 16 (1959). 








1159 


STIMULATION OF THE FASCICULUS SUBCALLOSUS 
IN THE CAT WITH IMPLANTED ELECTRODES! 


Guy LAMARCHE,? R. GIGUERE,’ AND J. M. LANGLors‘ 


Abstract 


Stimulation of the fasciculus subcallosus in cats with implanted electrodes 
produced turning of the eyes and head to the opposite side with a tendency to 
circling. The relation between frontal lobe, fasciculus subcallosus, and caudate 
nucleus are briefly discussed. 


The existence of a subcallosal bundle is well known but its fiber components 
have never been precisely described. Rosett (10) believed that it carried cor- 
ticospinal and corticopontile fibers. According to Papez (9) it appeared to 
be the pathway of corticostriatal connections. Mettler (5) demonstrated that 
some fibers of the fasciculus subcallosus terminate in the caudate nucleus and 
possibly in the putamen, but he was unable to demonstrate the cortical origin 
of these fibers. However, in a preceding paper (6) he had demonstrated degener- 
ation in the fasciculus after lesions in the prefrontal area and stated that 
prefrontal cortical area 9 projects to the caudate nucleus via the fasciculus 
subcallosus. 

Destruction of this structure produced a relatively slight deficit, namely 
transient fibrillary tremors in all of the body but specially in the hind legs (5). 
It must be remembered that destruction of the caudate severs the subcallosal 
fasciculus at the same time. 


Materials and Methods 


Twelve cats were used. Stainless-steel electrodes, 100-125 microns in dia- 
meter, insulated but for the tip, were implanted stereotaxically according to 
the atlas of Jasper and Ajmone-Marsan (3). Concentric electrodes, with an 
insulated steel needle in the lumen, or a pair of identical steel needles were used. 
Prior to implantation, the electrodes were soldered to miniature plugs. After 
the implantation, the electrodes were fixed to the skull by a self-curing resin 
according to the technique used by Morin and Portnoy (8). After allowing a 
few days for recovery, test stimulations were carried out daily for 5 or 6 
consecutive days and the effect of stimulation was recorded with a 16-mm 
cinecamera. Square wave pulses of 2 to 10 volts and 0.5 msecond were delivered 
at a frequency of 10 to 50 cycles per second by a Grass S, stimulator. 

The animals were subsequently killed and perfused with 15% formaldehyde, 
the brains removed, and the position of the electrode identified on serial sections 
stained with thionin. 
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Results 


Stimulation of the subcallosal bundle produced a constant and clear-cut 
movement, i.e. turning of the eyes and head to the opposite side. In Fig. 1 the 
left column shows three cats at the beginning of the stimulation and the right 
column the cats are shown during stimulation. 





Fic. 1. Stimulation of the fasciculus subcallosus. Left column: beginning of stimulation. 
Right column: during stimulation. (These photographs were made from a 16-mm color 
film.) 


The movement started after a latency of 100-500 mseconds and continued 
as long as the stimulus was maintained. If the stimulus was maintained after 
the turning of the head was completed, the turning would spread to the trunk 





it 


it 


ion. 
lor 


ied 
ter 
ink 








Fic. 2. Needle tracks in fasciculus 
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subcallosus. 
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and produce a circling movement. The threshold for such a movement was 
usually from 3 to 5 volts at 10 to 50 cycles per second. The responses remained 
the same with variations in frequencies and increases in voltage, until, upon 
very strong stimulation, a seizure involving the contralateral half of the body 
appeared; this seizure occurred without apparent loss of consciousness. 

The movements consisted of a turning of the eyes and head, extending to the 
entire body if the stimulus was prolonged. The movements appeared regardless 
of the posture of the head or of the whole animal at the moment of stimulation 
and no rotation of the head was noticed at any time. 

In 8 of our 12 cats the electrode was in some part of the fasciculus subcallosus 
and in all of these turning of the head and of the entire body was obtained. 
Figure 2 gives examples of the positions of the electrode. 


Discussion 


The effects of stimulation of the subcallosal bundle has not been reported 
previously. However, the effects of a few lesions of the fasciculus have been 
described. Mettler (5) reported no detectable deficit after a unilateral lesion, 
except for one cat which showed transient, but active, diffuse fibrillary tremors 
over all of its body, especially in the hind legs. This has been an isolated ob- 
servation. There is general agreement that single unilateral lesions in the 
striatum do not produce any appreciable deficit. Bilateral lesions in the caudate 
that do not involve extraneous structures result in a variety of symptoms, the 
most frequent being some degree of hyperkinesia. Mettler (7) has noted uni- 
lateral fibrillary tremors in four such cats and unilateral head jerks in one. 

Bergouignan and Verger (1) reported a tendency of the animal to turn to the 
side of the lesion after unilateral isolated destruction of the caudate nucleus in 
the dog. The same phenomenon had been observed previously by Delmas- 
Marselet (2) after decortication of the frontal lobe. Kennard and Ectors (4) 
have reported forced circling movements to the side of the lesion after ablation 
of area 8 in the monkey. These movements were accompanied by deviation of 
the eyes toward the side of the lesion and a contralateral visual defect. 

Mettler (7) has observed in one dog, in which bilateral frontal lesions im- 
pinged upon both subcollosal fasciculi and slightly on the heads of both 
caudate nuclei, an inability of the animal to make sharp turns. The dog would 
turn only at a very obtuse angle so that the turns could be made in a forward 
fashion. Mettler noted also that if, after bilateral frontal lobectomy, one 
caudate nucleus is removed, the animals may walk in a straight line but will 
usually circle to the side of the lesion. If, then, the second caudate nucleus is 
removed, a tendency to circle may still be present in view of the unequal 
amount of caudate remaining on the two sides. 

It appears from our experiments that the fasciculus subcallosus carries some 
fibers that control the turning of head and body to the opposite side. These 
fibers, if we consider the above mentioned papers, most likely originate in the 
prefrontal cortex and travel in the fasciculus subcallosus to the caudate 
nucleus. 
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UNIT STUDY OF THE TRIGEMINAL PROJECTIONS 
IN THE RETICULAR FORMATION OF THE 
MEDULLA OBLONGATA IN THE CAT! 


Guy LAMARCHE,? J. M. LANGLOots,? AND MAurIcE HEoN‘* 


Abstract 


The projections of the trigeminal nerve in the bulbar reticular formation of 
the cat have been investigated by recording unit activity after physiological stimu- 
lation of the face, in 50 ‘‘encéphales isolés’’ preparations. No somatotopical 
arrangement was found. The units susceptible to trigeminal afferents are wide- 
spread in the reticular formation of the medulla and are responsive to large areas 
of stimulation, mostly bilaterally symmetrical. 


The importance of trigeminal afferents in the maintenance of the waking state 
has been clearly demonstrated by Roger, Rossi, and Zirondoli (9) in the 
“encéphale isolé’”’ preparation. These trigeminal projections have been studied 
anatomically and electrophysiologically. McKinley and Magoun (7), studying 
the bulbar projection of the trigeminal nerve by electrical stimulation of its 
three branches, demonstrated a dorsoventral lamination in the main sensory 
and spinal nuclei of the fifth nerve but found indiscriminately mixed projections, 
in the reticular formation, which they considered to be arcuate fibers coursing 
through the reticular formation before forming the secondary trigeminal path- 
ways. These findings were confirmed physiologically by Berry, Anderson, and 
Brooks (2), and anatomically by Nauta and Kuypers (8). These authors 
observed, after lesion in the descending nucleus, very extensive and widespread 
fiber degeneration in the reticular tegmentum bilaterally, more prominent on 
the contralateral side. In the medullary part of the reticular formation, 
degeneration was present throughout both sides, but maximal in the magno- 
cellular regions of the contralateral side. 

It is not clearly known, however, what arrangement exists in the over-all 
sensory projections to the reticular formation. Many authors have emphasized 
the marked convergence of sensory afferents in the reticular formation and 
Amassian and Waller (1) have found no evidence of serial representations of 
dermatomes in the reticular formation. The only suggestion that some kind of 
arrangement exists in the projection system to the reticular formation is sup- 
plied by Gauthier, Mollica, and Moruzzi (4), who believe that there exists a 
point-to-point projection of the cerebello-reticulo-spinal system. 

The present report is concerned with the trigeminal projections to the bulbar 
central core as determined by the unit recording technique after physiological 
stimulation. Our main interest was to find if some kind of arrangement exists 
and to study the behavior of these neurons after different stimuli. This report is 
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concerned only with the geographical mapping of the projections; a study of the 
behavior of cells will be reported elsewhere. 


Materials and Methods 


Fifty adult cats were used. The animals were anaesthetized with ether and 
fixed in a Johnson stereotaxic apparatus. The medulla was exposed by removal 
of the occipital plate and suction of the posterior lobe of the cerebellum. An 
“encéphale isolé’”’ was then obtained by sectioning the spinal cord at about C. 
and the administration of ether stopped. Artificial respiration was started if 
necessary. The temperature of the animal was kept constant by a warm-water 
coil under it. The cat was then left alone from 2 to 3 hours to allow com- 
plete elimination of ether. The cat was then usually completely awake and the 
recording was started after curarization with artificial respiration. 

The reticular core was explored, starting at the obex as a point of reference, 
with a Johnson stereotaxic manipulator to which a micrometric adjustment was 
attached. The electrodes used were stainless steel pins, sharpened electroly- 
tically to 1 to 5 microns in diameter and insulated but for the tip with insl-x 
varnish. 

The recording apparatus consisted of a Grass Ps preamplifier with cathode- 
follower input and a Dumont 33 double-beam cathode-ray oscillograph. 
A time line was provided by the second beam. The records were photographed 
on a Grass Electronic camera. 

Physiological stimulation was used in all instances. Light touch was produced 
either with a small brush or blowing on the hair; pain was produced with a 
pinprick and pressure with a blunt wooden stick. A complete exploration of 
touch, pain, and pressure on the face was carried out at each position of the 
recording electrode. After each recording, a small current of 6 volts was applied 
through the electrode for 10-20 seconds, the recording electrode being positive 
with respect to the indifferent electrode. 

After the experiment, the cat was perfused with 10% formalin and 1% 
potassium ferrocyanide to stain the iron deposit according to Green’s technique 
(5) and the medulla removed. After fixation for a few days, the medulla was 
sectioned serially and stained with basic fuschin. The recording site appeared as 
blue on a pink background, which permitted precise localization. Figure 1 
shows an example of a stained recording site. The recording loci were mapped 
and matched with the record of the site and type of stimulation. The anatomical 
descriptions of Brodal (3) were used in identifying the recording sites. 


Results 


The responses elicited by sensory stimulation were of three kinds as previously 
reported (6): discharges of a silent cell, and increase in frequency of an already 
discharging cell (the most frequent response), or inhibition of a spontaneously 
discharging cell by reducing the frequency or completely silencing it. Because 
of the complex problems involved in this inhibitory action, the third type of 
response was not considered in the mapping. Figure 2 illustrates the three types 
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PLATE II 





4 2 msec 


Fic. 2. Top record in A, B, C, control period. Bottom record, during stimulation. 
A shows a discharge of a previously silent cell, B an increase in frequency of a spontaneously 
discharging cell, and C an inhibition of a spontaneously discharging cell. 


Lamarche et al.—-Can. J. Biochem. Physiol. 








PLATE III 





Fic. 3. Cat 12-1-60. C in A, B, C, D, E, F, represents the control period before 
stimulation. The shaded areas on the face indicate the areas of stimulation. 


Lamarche et al.—Can. J. Biochem. Physiol. 








PLATE IV 
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Fic. 4. Trigeminal projection in the reticular formation of the medulla. D: dorsal group 
of paramedian reticular nucleus; R.gc: nucleus gigantocellularis; R.l: nucleus reticularis 
lateralis; R.n: nucleus of the raphé; R.pc: nucleus parvicellularis; R.v: nucleus reticularis 
ventralis; V: ventral group of paramedian reticular nucleus. 


Lamarche et al.—Can. J. Biochem. Physiol. 
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of responses. In A, the cell was completely silent before stimulation and was 
induced to discharge by stimulation. In B, the stimulation increased the 
spontaneous discharge of the cell, while in C the cell was inhibited by the 
stimulation. Many cells were not influenced at all by the stimulation. 

The responsive cells were susceptible to three kinds of receptive fields. Most 
of them would respond to stimulation of bilaterally symmetrical cutaneous 
zones, while a minority of cells responded to a unilateral and limited area. Ina 
few instances only did we find a cell responsive to an asymmetrical field of 
stimulation. A typical experiment is illustrated in 3, which shows the origin of 
stimulation, the type of response, and the localization of the cells. It is interest- 
ing to notice in that figure that the response of a cell to stimulation of two 
different receptive fields is not always exactly the same. In Fig. 3E the fre- 
quency of the discharge was higher when the left eye was stimulated than when 
the right eye was stimulated. 

For mapping purposes the head of the cat was arbitrarily divided in three 
parts, the upper part of the face above the eyes, the eyes (cornea and conjunc” 
tiva), and the lower part of the face and upper neck. This was done when it 
was realized that the respective territory of the three branches of the trigeminal 
nerve overlapped in their projections to the reticular formation. 

Eighty-five responsive cells or groups of cells were found and these were 
almost evenly distributed in the three divisions, 30 for the lower part of the 
face, 26 for the upper, and 29 for the eyes. 

No definite somatotopical projection from these three divisions of the face 
was found; the responsive cells were all within 1.5 mm of the midline. 

Figure 4 shows the projections from the three divisions of the face to the 
right side of the central medulla; in the left column can be seen the projections 
from the eyes. In this column, one can see some of the grouping of responsive 
cells in the lower part of the medulla at the level of the obex (paramedian 
reticular nucleus) and another but smaller grouping in the upper medulla in 
the nucleus reticularis gigantocellularis. The projections of the other parts of 
the face, however, do not seem to present any kind of pattern and it is evident 
that they are almost evenly distributed all along the midline of the medulla, 
although the nucleus gigantocellularis seems to have a larger share of responsive 
cells than the rest of the medulla. Those cells, however, are activated from 
receptive fields of all the face. 


Discussion 


The results of these experiments strongly suggest that no somatotopical 
arrangement of trigeminal projections exists in the reticular formation of the 
medulla oblongata. The cells susceptible to trigeminal activation have no 
precise distribution and at any level a cell could be found that would respond 
to physiological stimulation of any part of the face. The cutaneous territories 
of the three branches of the trigeminal nerve are not related to specific regions 
of the reticular formation. This observation agrees with that of McKinley and 
Magoun (7), who found indiscriminately mixed projections from the three 
divisions of the fifth nerve, in this same area and considered them secondary 
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trigeminal pathways. Most of these cells were situated in or close to the midline 
and responded to bilateral stimulation of symmetrical zone and sometimes of 
even more extended regions. 

These observations agree with the knowledge of the powerful arousal capacity 
of trigeminal afferents and, to a certain extent, with the high degree of con- 
vergence which is attributed to the neurons of the reticular formation. This 
widespread and unorganized projection suggests a high degree of versatility in 
the maintenance of the waking state through trigeminal afferents. 

These findings are also in agreement with the anatomical observations of 
Nauta and Kuypers (8), who found widespread fiber degeneration in the lower 
medulla after section of the descending nucleus of the fifth nerve. It does not 
seem, however, that the contralateral projection is more important than the 
ipsilateral. 

We have demonstrated that the reticular neurons are susceptible to stimula- 
tion of extensive receptive fields. Usually these fields are bilateral and sym- 
metrical, but sometimes they are even more extended. This is in agreement 
with the findings of Amassian and Waller (1). 


This work was done with the technical co-operation of Miss Lisette 
Ducharme. 
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BIOSYNTHESIS OF TWO STEROID GLYCOLS FROM 
17e-HYDROXYPROGESTERONE BY SURVIVING 
HUMAN OVARIAN SLICES! 


THOMAS SANDOR AND ANDRE LANTHIER 


Abstract 


Surviving human ovarian slices were incubated with 17a-hydroxyprogesterone 
in a Krebs-Ringer phosphate medium (pH 7.4), at 37°C under an oxygen 
atmosphere. The substrate was partially transformed to two steroid glycols, 
designated as X; and Xz. Chromatographic mobility studies, derivatization, and 
spectra in 95% ethanol and in concentrated sulphuric acid suggested that X; might 
be identical with A‘-pregnene-17a,20a-diol-3-one, and X2 with A‘-pregnene- 
17a,208-diol-3-one. Synthetic A‘-pregnene-17a,208-diol-3-one was prepared from 
17a-hydroxyprogesterone. It was found identical with X2 by the above-mentioned 
criteria. 


In addition to normal human ovarian tissue, slices of human Stein—Leventhal 
type ovaries were also incubated with the precursor and the transformation rates 
to X; and X: calculated for both types of tissues. 

Experiments were performed using as substrate A*-pregnene-3A-ol-20-one and 
progesterone in order to study the reaction with biosynthetic 17a-hydroxypro- 
gesterone. The transformation to X; and X2 seemed to follow the same course as 
with synthetic 17a-hydroxyprogesterone. 


Introduction 


The role of 17a-hydroxyprogesterone in the synthesis of steroids by ovaries, 
both of human and bovine origin has been demonstrated (14, 17). The same 
sequence of enzymatic transformations has been shown operating in the testes 
(7, 12), adrenals (5), and human fetal adrenals (13). The administration of 
17a-hydroxyprogesterone to human subjects produces a number of urinary 
steroid metabolites, such as the pregnanetriols, androsterone, and etiochol- 
anolone (1). 

In the present paper our purpose is to report the partial in vitro transforma- 
tion of 17a-hydroxyprogesterone to two presumably stereoisomeric steroid 
glycols with the proposed chemical structure of A‘-pregnene-17a,20a-diol-3-one 
and A‘-pregnene-17a,208-diol-3-one. 


Materials and Methods 

1. Substrate 

17a-Hydroxyprogesterone was obtained from Nutritional Biochemicals 
Corp., Cleveland, Ohio. The compound was tested for homogeneity by paper 
chromatography, and acetylation followed by chromatography. The material 
gave all the characteristics of authentic 17a-hydroxyprogesterone. 
2. Medium 

A Krebs-Ringer phosphate solution (pH 7.4) was used, with 200 mg of 
glucose added per 100 ml of medium (15). Before use, the medium was gassed 
for 30 minutes with 100% On». 

‘Manuscript received April 25, 1960. 
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3. Tissue 
The tissue used was either one of the following: (¢) normal human premeno- 
pausal ovaries, obtained from patients undergoing therapeutic castration for 
malignancy; (6) human ovarian specimens, obtained from patients with the 
Stein—Leventhal syndrome and undergoing bilateral ovarian wedge-resection. 
The tissue was transported to the laboratory in chilled medium and cut into 
0.5-mm slices with a Stadie-Riggs hand microtome. 


4. Incubation 

The substrate was solubilized in minimal amounts of propylene glycol, and 
the sliced tissue transferred to beakers containing the medium and substrate. 
(Ratio tissue:medium = 1:10 w/v; ratio tissue:substrate = from 12,000:1 to 
2000:1 (w/w).) Tissue slices incubated without the steroid and desactivated 
(boiled) slices incubated with the steroid served as controls. To each incubation 
vessel, 10001.U. of human chorionic gonadotrophin was added (A.P.L.., 
Ayerst, McKenna, and Harrison, Montreal, Quebec). The addition of HCG 
was found to be necessary as in its absence the metabolic activity of the slices 
was too low. 

The incubation proper was performed in a Dubnoff metabolic shaking 
incubator (Precision Scientific Co., Chicago, Ill.) at 37°C in a 100% O, 
atmosphere (flow rate 7-8 c.f./hr). 

Two types of incubations were performed. The first type, with a tissue: 
substrate ratio of 12,000:1 to 7000:1 was left to proceed for 6 hours while the 
second type with a tissue:substrate ratio of 2000:1 to 4000:1 was left to proceed 
for 24hours. In the latter case, 50,000 I.U. of penicillin and 0.1 g of strep- 
tomycin sulphate were added to each incubation vessel to prevent contamina- 
tion by microorganisms. 

The incubations were interrupted by freezing and the vessels stored at 
— 20° C until processed. 


5. Isolation of Metabolic Products 

The medium was separated from the tissue, transferred to separatory 
funnels, and extracted with chloroform. The crude chloroform extract was 
subjected to fractionation on paper chromatographic systems. 

The following paper chromatographic systems were employed: (a) Petroleum 
ether/80% aqueous methanol (4); (6) isooctane-toluene (1:1)/70% aqueous 
methanol (4); and (c) cyclohexane:benzene (1:1)/ethylene glycol:methanol 
(1:1) (modified after Kochakian et al. (6)). 

Each isolated substance was repeatedly chromatographed in these systems to 
establish homogeneity. The same systems were used for the separation of 
acetates and oxidative degradation products. 

Substances were detected on paper with an ultraviolet light source (Miner- 
alight, R.V. 41, Research Equipment Corp., California; maximal emission : 
254 my), and by qualitative Zimmermann reaction (6). Substances were eluted 
from paper with “‘ketonefree’”’ ethyl alcohol and quantitated by ultraviolet 
spectrophotometry (Beckman DU, silica cells with 10-mm light-path) and (or) 
by a quantitative micro-Zimmermann reaction (16). 
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Results 


The crude chloroform extract of incubations containing both substrate and 
active tissue slices gave rise to three ultraviolet absorbing zones after chroma- 
tography in the paper system petroleum ether /80% aqueous methanol. 
The first of these zones was situated near the starting line, the second at the 
position of the 17a-hydroxyprogesterone marker, and the third at the position of 
the A‘-androstene-3,17-dione marker. In this present report we shall be dealing 
with the first ultraviolet absorbing zone only, composed of two steroid glycols 
referred to as X; and X:. Their isolation by successive paper chromatography 
is shown in Fig. 1. On repeated chromatography, both compounds and their 
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Fic. 1. Isolation and purification of X; and X2 from incubation mixtures by successive 
paper chromatography in three systems: System I: petroleum ether / 80% aqueous 
methanol; system II: isooctane-toluene (1:1) / 70% aqueous methanol; system III: 
cyclohexane—benzene (1:1) / ethylene glycol— methanol (1:1). Steroid markers: (1) 
17a-hydroxyprogesterone; (2) A‘-androstene-3,17-dione; (3) progesterone. 


acetates proved to be homogeneous. They were not artifacts produced from 
the substrate by manipulation. Tissue slices incubated without the precursor, 
desactivated slices incubated with the precursor, and 17a-hydroxyprogesterone 
incubated without tissue for 24 hours failed to produce either X; or Xz. From 
the latter experiment, the substrate was recovered by chloroform extraction to 
the extent of 98%, and the 17a-hydroxyprogesterone recovered from all 
control experiments was chromatographically homogeneous and showed the 
same migration rate as the authentic material. 

The quantitative aspects of the partial transformation of 17a-hydroxy- 
progesterone to X; and X, using ovarian slices of different origin and incubation 
times of varying length are shown in Table I. Pilot experiments using A®- 
pregnene-3-ol-20-one and progesterone as precursors were also included in this 
table. These steroids were used as sources of biosynthetic 17a-hydroxypro- 
gesterone in an attempt to demonstrate that transformation of this steroid to 
X, and X_: proceeded whether synthetic or natural material was used. 

It can be seen from Table I that the rate of transformation of the precursor to 
the steroid glycols does not change with the incubation time. This seemed to 
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TABLE I 


Formation rates of X; and Xz from synthetic and biosynthetic 
17a-hydroxyprogesterone by surviving human ovarian slices 














Time of Formation rate (ug/g tissue/hr) 
incubation, 

Origin of tissue Substrate hr Xi X2 
Normal 17a-OH-progest* 6 0.57 Traces 
Normal 17a-OH-progest 24 0.50 0.40 
Normal Progesterone 24 0.14 — 
Normal Pregnenenolone 6 Traces — 
Stein—Leventhal 17a-OH-progest 6 1.46 Traces 
Stein—Leventhal 17a-OH-progest 24 1.46 0.32 
Stein—Leventhal Progesterone 24 0.15 0.13 
Stein—Leventhal Pregnenenolone 6 Traces — 





*17a-Hydroxyprogesterone. 


indicate that these products are not utilized further by the ovarian tissue. 
A total of 350 ug of X; and 150 ug of X2 were isolated. (For basis of quantitative 
estimation, effected by the ultraviolet absorption curve in 95% ethanol, the 
following constants were used: molecular weight: 332; molecular extinction 
coefficient: 15,800.) 

The two metabolites showed the following chemical and physicochemical 
properties. 


1. Chromatographic Mobilities 


System Xi Xe 
Petroleum ether / 80% MetOH 0.40 0.40 
Isooctane-toluene (1:1) / 70% MetOH 0.55 0.70 


Cyclohexane—benzene (1:1) / ethylene glycol: methanol (1:1) 0.37 0.53 
All mobilities are expressed relative to 17a-hydroxyprogesterone. 


2. Spectrum in Concentrated Sulphuric Acid (2, 3) (EiZ 


X, : Maxima : 300 (760), 335 I* (360), 425 (54) mu 
Minima : 240 (273), 390 (49) mu 

X2 : Maxima : 300 (760), 335 I (333), 425 (79) mu 
Minima : 240 (300), 390 (61) mu 


3. Spectrum in 95% Ethanol (220-300 my) 
For both compounds maximal absorption at 240 mz. 

4. Blue Tetrazolium Reduction and Zimmermann Reaction (8, 16) 
Both reactions negative for both compounds. 

5. Acetylation 


Both compounds formed acetates after treatment with acetic anhydride in 

pyridine for 48 hours at room temperature. 
Mobilities of acetates 
X; acetate X_ acetate 
Paper system petroleum ether / 80% MetOH 2.70 2.38 

Mobilities relative to 17a-hydroxyprogesterone. 
6. Oxidative Degradation Studies 

Preparative oxidations were performed with chromium trioxide in glacial 
acetic acid (11) and with periodic acid (11). The following results were ob- 


*“T”’ denotes inflection or plateau. 
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tained: the only compound formed by either oxidant from either compound 
was A‘-androstene-3,17-dione. The dione was identified on the strength of 
the following observations: mixed chromatograms with authentic A‘-andro- 
stene-3,17-dione in three paper chromatographic systems failed to show the 
presence of any other material; positive Zimmermann reaction, with the same 
rate of color development as the authentic substance; maximal absorption in 
95% ethanol: 238 mu; spectrum in concentrated sulphuric acid, 2 hours at 
room temperature: single maximum at 293 my; the oxidation products formed 
no acetate when acetylated under standard conditions. 


7. Preparation of Synthetic Model Glycol from 17a-Hydroxyprogesterone 

To obtain a more direct proof of the chemical structure of X; and Xz, 
17a-hydroxyprogesterone was reduced with sodium borohydride in ice-cold 
methanol for 2 hours (9, 17). Under these conditions only the 208epimer of 
A‘-pregnene-17a,20-diol-3-one is formed (10). The reduction product was 
compared with X; and X, and on the basis of mixed chromatograms of the free 
and acetylated compounds, spectra in 95% ethanol and concentrated sulphuric 
acid it was found behaving identically as Xe. 

From the data presented above the following conclusions can be drawn: 
both X; and X_ have a A‘-3 keto group in ring A. Both possess a tertiary 
hydroxyl group at C17 and acetylabie additional hydroxyl groups in the side 
chain. However, the paper chromatographic mobilities of the free and acetyl- 
ated compounds strongly suggest the presence of one acetylable hydroxyl group 
only. The only logical position for this second hydroxyl group is at C20 for 
both compounds, as neither substance has any oxygen function on the skeleton. 
Taking into consideration the apparent identity of X_ with A*-pregnene- 
17a,208-diol-3-one, this formula was assigned to Xe, while the structure 
A‘-pregnene-17a,20a-diol-3-one was suggested for Xi. 


Discussion 


A‘-Pregnene-17a,20-diol-3-one was detected as a metabolite of 17a-hydroxy- 
progesterone by perfused bovine adrenals (5). The same steroid was isolated 
from testicular tissue incubated with progesterone C14 (7). To our knowledge, 
no previous work has shown the presence of the 20a epimer. 

This evidence seems to indicate that all steroid-producing endocrine tissue 
has C20-reductases operating. This has been demonstrated very conclusively 
by Zander (17), who isolated the 20a and 208 reduction products of progesterone 
from human ovaries. 

Axelrod et al. (1), investigating the in vivo metabolism of 17a-hydroxy- 
progesterone in human subjects, postulate that the first metabolic attack on 
the molecule consists in the total reduction of the A‘-3 keto function. However, 
as in his experiments the precursor was administered orally, those results cannot 
account for metabolic changes occurring in the secreting endocrine tissue itself. 

The fate of the two ketopregnenediols, once liberated from the ovaries, is not 
known. They might very well follow the path of their precursor leading to 
pregnanetriols and 17-ketosteroids. 
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Table I shows a significantly higher production of X, (the presumed 
20a epimer) by Stein—Leventhal type ovarian slices as compared to the normal 
ovaries. This phenomenon was quite reproducible and consistent and the 
relative rate did not change with the time of incubation. 

It would be very tempting to theorize on the role of this transformation in 
the pathogenesis of the Stein—Leventhal syndrome; however, it is not proposed 
to draw any conclusions from this transformation as isolated from the general 
metabolic pathway. These results will be re-evaluated in the light of more 
generalized experiments now in progress in this laboratory. 


Conclusion 


17a-Hydroxyprogesterone was shown to be partially transformed to two 
steroid glycols (X; and Xz) by surviving human ovarian slices. On the basis of 
a number of chemical and physicochemical properties, X2. was found to be 
identical with A‘-pregnene-17a,20-diol-3-one, while evidence at hand strongly 
suggests that X, is the 20a epimer of X2. The transformation rate of synthetic 
and biosynthetic 17a-hydroxyprogesterone by human normal and human 
Stein—Leventhal type ovarian slices was studied. While significant differences 
were found in the transformation rate by the two types of ovarian slices, the 


significance of these rates in the pathogenesis of the Stein—Leventhal syndrome 
was not discussed. 
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THE METABOLISM OF INOSITOL IN SALMON 


I. THE DISTRIBUTION OF RADIOACTIVITY IN ACID-SOLUBLE EXTRACTS 
OF COHO SALMON FOLLOWING INTRAPERITONEAL AND 
INTRA-ARTERIAL INJECTIONS OF 2-C'*-MYOINOSITOL! 


H. TsuyukI AND D. R. IDLER 


Abstract 


Male coho salmon held in captivity for only a few days were injected intra- 
peritoneally and intra-arterially with 2-C'*-myoinositol. Several hours later the 
cohoes were anesthetized and frozen in dry ice. After overnight storage, 
perchloric extracts were made of the major organs and tissues and the relative 
C'* content of the extracts was determined. Most of the radioactivity of the 
extracts was not adsorbed by charcoal. Only the liver and to a lesser extent the 
flesh and kidney contained radioactivity in the nucleotide fraction. Of the 
material not adsorbed to charcoal, most of the radioactivity of the kidney, milt, 
and gut extracts were not held by Dowex-1-formate while that of the head and 
liver extracts was about equally divided between the water and formic acid 
eluants of the column. The two methods of injection resulted in no major differ- 
ences in the relative amounts of C' labelling in the various tissue components. 


Introduction 


An extensive study of the distribution of total acid-soluble inositol in the 
various tissues of the sockeye salmon (Oncorhynchus nerka) has shown a low of 
about 150 yg in the head, skin, and bones to a high of about 600 ug per g of 
liver tissue (1). In order to study the pathway of inositol metabolism in the 
salmon and to select the best tissue for this study, the distribution of radio- 
activity in the various tissues of the coho (Oncorhynchus kisutch) following 
introduction of 2-C'-myoinositol was investigated. 


Methods 


Intraperitoneal Injection of 2-C*-M yoinositol* 

A 2340-g male coho (C™-coho I) held in fresh-water captivity was anesthe- 
tized in 30 liters of fresh water containing 30 ml of quinaldine (2) (100 mg per 
ml of acetone). After 30 minutes, 3.98 mg (22 uc total activity) of 2-C'-myo- 
inositol in 2.0 ml of physiological saline was injected intraperitoneally. Seven 
hours later the tail was removed and the fish bled. The liver was excised and 
the remainder of the fish frozen immediately in dry ice together with the liver 
and the blood. After overnight thawing in the refrigerator, the carcass was 
separated into kidney, milt, guts, heart, spleen, flesh, head, skin, and bone and 
tail (Table I). 

An untreated 1860-g male coho was also prepared in the same manner. Due 
to the small amount of the sample, the liver, kidney, guts, and heart tissues 
from the two fishes were combined (Table I). 

1Manuscript received May 9, 1960. 

Contribution from the Fisheries Research Board of Canada, Chemistry Section of the 


Technological Station, Vancouver 8, 


*2-C-myoinositol was kindly supplied by Prof. Laurens Anderson of the University of 
Wisconsin. 


Can. J. Biochem. Physiol. Vol. 38 (1960) 
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TABLE I 
Weights of the tissues and distribution of radioactivity 














Weight (g) Total c.p.m.f 
Tissue C'4-coho I C'4-coho II C'*-coho I C'4-coho II 
Head 370 — 5,875 — 
Heart* 14.3 9.4 375 042 
Blood 39.3 65 1,535 25,320 
Skin—bone-tail 405 _— 28,020 — 
Flesh 1,314 — 5,250 — 
Liver* 41.4 48 9,000 20,450 
Kidney* 43.0 46.5 106 ,000 58 , 340 
Milt 119 197 75,900 52,200 
Gut* $i..5 75.5 262 ,000 28,200 
Spleen 3.0 9.0 — 2,420 





*Represents the combined weights from C'-coho I and untreated coho. The following amounts of tissue from 
untreated coho were added: heart, 8.8 g; liver, 17.9 g; kidney, 17.6 g; gut, 18.0 g. 

tA Nuclear-Chicago instrument was used to determine radioactivity. 
Intra-arterial Injection of 2-C-Myoinositol 

2-C%-Myoinositol (3.65 mg (20.3 uc total activity)) was injected into the 
dorsal aorta in the roof of the mouth between the third and fourth gill arches (3) 
of a 4125-g male coho (C'*-coho II) in three 1.0-ml doses at intervals of 23 hours. 
Each dose was followed immediately by an intraperitoneal injection of 5.0 ml 
of sterile 50% aqueous glucose solution. Anesthesia was administered by 
holding the fish head first for a few minutes into a large cylinder containing 
300 mg of MS-222 (tricaine methanesulphonate) in 3 liters of water. Four and 
one-half hours after the final set of injections, the fish was killed and the various 
tissues separated and stored as previously (Table 1). 


Acid-soluble Extracts 
Perchloric acid soluble extracts of the various tissues were prepared by the 
method of Hurlbert ef a/. (4) modified slightly (5). 


Results 


Distribution of Radioactivity in the Tissues 

Suitable aliquots of the perchloric acid extracts were counted and calculated 
on the basis of total counts per minute (c.p.m.), above an average background 
of 13.5 c.p.m., in the respective tissues of the salmon (Table I). As would be 
expected the intra-arterially injected C'*-coho II shows relatively much higher 
distribution of activity in the blood and the tissues normally concerned prima- 
rily with the vascular system of the fish. The higher total activity found in the 
liver of C'4-coho II compared to that of the combined livers of C'-coho I and 
the untreated coho is readily explained by the fact that the former liver is more 
than twice the weight of the undiluted latter liver. The high activity of the 
kidney and guts of C'*-coho I may well be due to unchanged 2-C *-myoinositol 
which would be present in this region of the fish where the intraperitoneal 
injection was carried out. Perchloric extracts of head, skin, and bone and tail 
contained a high solid residue and the counts were only approximate. 


Charcoal Separation of Perchloric Extracts 
Two-milliliter aliquots of acid-soluble extracts of C-coho I were put on a 
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previously washed 1-g column of Norit* A, N.F., [X:celite (1:1) and eluted with 
100 ml of water followed by 100 ml of ethanol: NH3;:water (40:1:59). The 
charcoal column technique has been proved satisfactory for the separation of 
nucleotides from non-nucleotide phosphate compounds of acid extracts of rat 
skeletal muscle by other workers (6). Inositol monophosphate from rat and 
guinea pig liver extracts is not adsorbed to charcoal (7). 

It was found that previous washing of the 1-g charcoal column with 20 ml 
of water was sufficient to remove all the residual ultraviolet-absorbing material. 
Forty milliliters of water eluted virtually all the inorganic and non-nucleotide 
phosphates and 40 ml of ethanol: NH 3:water eluted almost all the material 
absorbing at 260 mu. The ethanol: NH; and the water fractions were concen- 
trated by means of a dry ice — acetone trapped rotary evaporator at 40° C in 
a 50-ml round-bottom flask and transferred to 5.0-ml volumetric flasks. The 
activity was counted on an aliquot and calculated on the basis of total activity 
in the tissue (Table II). Of the tissue extracts subjected to this treatment, 


TABLE II 


Separation of C'* activity of coho I perchloric acid 
extracts by charcoal chromatography 








Charcoal column eluate 








Water wash Alcohol:N H;: water* 
Tissue (c.p.m.) (c.p.m.) 
Head 7,860 _ 
Skin—bone-tail 35,600 a 
Flesh 1,950 240 
Kidney 77,500 700 
Liver 6,325 2,880 
Milt 57,500 - 
Gut 191 ,000 — 





*An insignificant amount of C'*-activity was found in the charcoal alcohol:NHs 
eluates of head, skin—bone-tail, milt, and gut. 


only the liver, and to a much lesser degree, flesh and kidney, showed sufficient 
activity in the nucleotide fraction to warrant further investigation. Most of 
the activity in the other tissues was found in the non-nucleotide fraction. In 
the kidney, milt, and gut tissues about 25% of the original activity could not 
be recovered from the charcoal columns under the conditions employed. No 
attempt was made to ascertain the nature of compounds responsible for the 
activity retained by the charcoal. The perchloric acid extracts of heart and 
blood from C'-coho I showed so little activity that they were not subjected to 
the charcoal treatment. 


Treatment of C'*-coho I Charcoal Water Wash on Dowex-1- Formate 
The water washes from charcoal:celite columns were separated into broad 
groups of compounds by passing through a 1 X20 cm column of Dowex-1-form- 
ate and eluting with 500 ml of water followed successively with 150 ml of 
0.4 N and 350 ml of 4.0 N formic acid solutions (Table III). In other experi- 
ments, inositol and free sugars were eluted with water immediately after the 
*Obtained from Pfanstiehl Laboratories, Inc. 
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TABLE III 


Separation of C' radioactivity from coho I charcoal 
water washes by Dowex-1-formate 








Dowex column eluates 





Formic acid (c.p.m.) 
Water wash 








Tissue (c.p.m.) 0.4 N 4.0 N 
Head 1,920 860 - 
Liver 2,340 3,610 ~= 
Kidney 78 , 800 1,500 1,100 
Milt 56,800 -- 747 
Gut 208 ,000 575 —_ 





resin-bed volume of water had come through. Uronic acids were not eluted 
until after 50-60 ml of 0.4 N formic acid was passed through. Inositol mono- 
phosphate has been shown to elute by the gradient elution system of Hurlbert 
et al. (4) when the formic acid reached a calculated concentration of 1.38 N 
in the peak tube, and the hexose phosphates at a concentration of 1.69 N. 
However, in this initial experiment only the kidney and milt appear to show any 
activity in the inositol phosphate and sugar phosphate fractions. Liver tissue 
does not appear to have any activity in these phosphates (Table III). However, 
the more heavily labelled C'*-coho II liver tissue should be investigated in this 
respect since both these phosphates were found in the livers of female coho 
salmon captured at sea. 


Discussion 


The two methods of introducing 2-C'-myoinositol into the coho do not show 
a great deal of difference with respect to the concentration of C™ in the various 
tissues other than the blood and the alimentary tract, both of which were sites 
of injections. The intraperitoneal introduction of glucose following intra- 
arterial injection of 2-C'*-myoinositol did not strikingly increase the over-all 
labelling in the liver as has been shown for liver glycogen in the rat (8). 

Of all the salmon tissues, the liver showed the highest proportion of activity 
in the nucleotide fraction and since extensive studies of the nucleotides of this 
tissue have already been carried out (5), part II of this series will describe the 
results on liver nucleotides. 
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THE METABOLISM OF INOSITOL IN SALMON 


II. THE ROLE OF NUCLEOTIDES IN RELATION TO THE METABOLISM 
OF 2-C'*-MYOINOSITOL IN COHO LIVER' 


H. TsuyukI AND D. R. IDLER 


Abstract 


Though radioactivity is distributed throughout the entire spectrum of coho 
liver nucleotide fractions, the UDP-uronic acid fraction was found to be one of 
the more active. Most of the radioactivity was present in the glucuronic acid and 
glucuronolactone formed when UDP-uronic acid was hydrolyzed with acid. 
UDP-glucose, UDP-galactose, and UDP-N-acetylhexosamine did not contain 
any measurable activity. In C'4-coho II another major concentration of activity 
was found in fraction A;, which has not yet been investigated. These results are 
discussed in relation to the known biochemical reactions of inositol and sugar 
nucleotide interconversions in plants. 


Introduction 


The conversion of deuterium-labelled myoinositol to urinary glucose in the 
phlorizinized rat was first demonstrated by Stetten and Stetten (1). Subse- 
quently, Posternak (2) showed that 2-deuterated myoinositol was converted 
almost exclusively to 6-deuterated urinary glucose. Direct ring opening of the 
inositol to form glucose was not deemed possible since the deuterium would 
then be found in the 5 position of glucose. Anderson and Coots (3) found over 
80% of the label from 2-C'-myoinositol in positions 1 and 6 of glucose obtained 
from the hydrolysis of rat liver glycogen. The opposite experiment, the 
conversion of C-labelled glucose to C-myoinositol, has been demonstrated by 
Halliday and Anderson (4) and by Daughaday et al. (5). 

The distribution of the C™ label and the average specific activity of the 
urinary glucuronic acid carbon, which was sevenfold greater than that of 
glycogen, indicated that glucuronic acid could not have arisen entirely from 
the oxidation of glucose but was derived in part more directly from the labelled 
inositol (3). Partially purified rat kidney enzyme preparations converted 
myoinositol to DL-glucuronic acid (6). Degradation of the glucuronate formed 
by incubation of 2-C'*-myoinositol with this enzyme system revealed that essen- 
tially all of the label appeared in the 5 position of glucuronate, thus showing 
cleavage between the 1 and 6 carbons of inositol (7). 

The pathways concerned in myoinositol metabolism have been schematized 
by several workers on the basis of data obtained by tracer experiments (8, 9, 
10). It is generally agreed that D-glucuronic acid is among the first metabolites 
of inositol. 

In the present paper evidence is presented showing that, of the nucleotides 
from salmon liver acid extracts, uridinediphosphoglucuronic acid (UDP- 
glucuronic acid) is heavily labelled in the glucuronic acid moiety following 
intraperitoneal and intra-arterial injections of 2-C'*-myoinositol. 


‘Manuscript received May 9, 1960. 


Contribution from the Fisheries Research Board of Canada, Chemistry Section of the Tech- 
nological Station, Vancouver 8, B.C. 


Can. J. Biochem, Physiol. Vol. 38 (1960) 
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Methods 


Preparation and Column Chromatography of Samples 

The perchloric extracts of livers (11) were separated at 0° C into various 
nucleotide fractions on columns of Dowex-1-formate following a gradient 
elution method described previously (12). A 1.4X20cm column was used to 
separate the liver extract of C'-coho I. The column was washed first with 
300 ml water and then developed successively with 1000 ml of 4 N formic acid, 
1000 ml of 4 N formic acid and 0.2 M ammonium formate, 1000 ml of 4 N 
formic acid and 0.4 M ammonium formate, and finally with 4 N formic acid 
and 2.0 M ammonium formate till no further ultraviolet-absorbing material 
was eluted. Ten-milliliter fractions were collected and a 1000-ml mixing volume 
was used. Fraction I was rechromatographed on a 1 X20 cm Dowex-1-formate 
column. A 500-ml mixing volume was used and the column developed succes- 
sively with 500 ml of 1M ammonium formate, 500 ml of 2 M ammonium 
formate, and a mixture of 2 M ammonium formate and 0.75 formic acid until 
there was no further elution of ultraviolet-absorbing material. Five-milliliter 
fractions were collected. Liver extract of C-coho II was fractionated by a 
longer, 1.440 cm, column to obtain better separation of the weakly bound 
components. The column was washed thoroughly with 1000 ml of water and 
developed exactly as described above. 

Where ammonium formate was present in the eluates the solvent was 
removed as far as possible by means of a rotary evaporator trapped with 
dry ice — acetone mixture and evacuated by an oil pump. It was possible to 
remove water at a very rapid rate by this method while holding the temperature 
of the sample near freezing. After most of the water and formic acid were 
removed in this manner the residue was redissolved in 200-300 ml of water and 
then ion-exchanged with Amberlite IR-120 at 2°C. The eluates were then 
concentrated to dryness, redissolved in about 25 ml of water, and again con- 
centrated to remove traces of formic acid. The residue was taken up in 10 ml 
of water and stored at —30°C. 


Paper Chromatography 

Chromatographic grade of Whatman No. 1 sheets were used. The chroma- 
tograms were developed at 20° C in a descending fashion. The solvent systems 
employed were as follows: solvent 1, isobutyric acid:ammonium hydroxide: 
water, 66:1:33; solvent 2, 0.1 M phosphate (pH 6.8):ammonium sulphate 
(600 g dissolved in 1 liter of 0.1.M, pH 6.8, sodium phosphate buffer): 
n-propanol, 100:60:2; solvent 3, m-butanol:pyridine:water, 6:4:1; solvent 4, 
n-butanol:acetic acid: water, 4:1:5. 
Paper Electrophoresis 

Electrophoresis was carried out on oxalic-acid-washed Whatman No. 1 paper 
in 0.1 M ammonium formate, pH 3.6, at 900 volts for 2 hours and 45 minutes 
(13). 
Location of Sample on Chromatograms 

Ultraviolet-absorbing samples were located with a mineralight lamp (Ultra- 
Violet Products Inc.), the uronic acids and hexoses by spraying with either 
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aniline phthalate (14) or ammoniacal silver nitrate, which was also used for 
glucuronolactone and L-gulonolactone. Acetylhexosamine was located by the 
modified Elson-Morgan reagent (15). 


Analytical Methods 

Hexoses were determined by the Folin and Malmros (16) method, the uronic 
acids by a modification of the method of Meijbaum (6), and total phosphorus 
by the method of Bartlett (17). The concentration of UDP-uronic acid and 
UDP-N-acetylhexosamine were determined by absorption at 261 my, using 
E = 9.7X10° for uridylic acid at pH 1.0. The absorption was read against an 
appropriate paper blank eluted with same strength acid. Inositol was deter- 
mined by a slight modification (18) of the yeast assay method using Saccharo- 
myces carlsbergensis A.T.C.C. 4228 (19). 


Radioactivity Determinations 

Radioactivity was determined on a Nuclear-Chicago counter equipped with 
either a Geiger—Mueller tube or flow-gas attachment. Activity bands on paper 
strips were located with a Nuclear-Chicago actigraph II, Model C-100 A. 


Results 


Distribution of Radioactivity in Dowex Column Eluates 

One-tenth-milliliter aliquots of the perchloric extracts were plated and 
counted. The results were expressed as total counts per minute (c.p.m.) in 
the entire fractions (Table I). Liver extract of C™-coho II shows two major 


TABLE I 


Distribution of radioactivity in the nucleotide 
fraction of coho liver 














Total c.p.m. 
Fraction C'4-coho I* C'*-coho IIt 
Water wash (1)f 1,640) 9,270 
Water wash (2)§ 15 
Ai 150 
Ae 1,120 
As 1,0709 3,380 
Ag 446 
As 55,700 
B 320 434 
i —_ 319 
D — 256 
E — 1,280 
F — 1,450 
G — 599 
Hi — 4,330 
He — 2,000 
I 330 64,800 
Jand K 90 702 
Beyond K — 563 





*Separated by a 1.4 20cm column of Dowex-1-formate. 

tSeparated by a 1.4X40cm column of Dowex-1-formate. All counts for 
samples from C!-coho II were carried out on a Nuclear-Chicago counter 
equipped with flow gas and the average c.p.m. is 5.2 times higher than all 
previous counts. 

tFirst 400 ml water wash. 

§$Remaining 600 ml water wash. 

\|Activity found in the total water wash (300 ml for this liver sample). 

{Total activity found in the A fractions, A: to As, inclusive. 
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concentrations of activity, fractions 1 and As, which coincided with ultraviolet 
absorption. The activity in the water washes was shown chromatographically 
in solvent system 4 to be chiefly unchanged 2-C“-myoinositol in C'-coho I. 
By a microbiological method free inositol was also found repeatedly in the 
water washes of Dowex-1-formate columns. Some activity was found in glucose 
and very little in the glycogen. 


Fraction I from C'-coho II 

When an aliquot of fraction I, representing 5550 c.p.m., was chromatographed 
in solvent 1 for 18 hours, one of the ultraviolet-absorbing spots moved like 
UDP-glucuronic acid reference standard as found previously. The UDP-uronic 
acid spot corresponded exactly with the radioactivity band when the strip of 
paper was passed through an actigraph. When the remainder of the chromato- 
gram was cut into sections, eluted, and counted, a little over 1% of the total 
initial activity was found, indicating that virtually all the activity was present 
in the UDP-uronic acid component. Long-period paper chromatography in 
solvent 1 as well as paper electrophoresis failed to separate this radioactive 
nucleotide from UDP-glucuronic acid reference standard. 

The distribution of radioactivity in the UDP-uronic acid and its hydrolysis 
products are shown in Table II. The nucleotide band was eluted, hydrolyzed 
in 1.0 N HCl for 30 minutes in a boiling water bath, and the hydrolyzate 


TABLE II 
Chromatographic separation of activity in fraction I 








Fraction I C'4-coho II* 


Expt. 1 Expt. 2 Expt. 3 








Compound (c.p.m.) (c.p.m.) — (c.p.m.) 
(a) UDP-uronicst 4285 4122 _ 
(b) Uronic acid 2333 1459 2290 
(c) Glucuronolactone 1098 2505 3058 
(d) % recovery of original 
activity in (b) + (c) 62 71.3 96.5 





*A total of 5500 c.p.m. was separated in each experiment. 

tin another experiment 95% of the original activity was recovered in UDP- 
uronic acid after it had been separated in solvent 1 for 116 hours. In experiment 3 
the original sample was hydrolyzed directly. 


rechromatographed in solvent 1 to determine the activity in the uronic acids 
and the glucuronolactone. Under the conditions of hydrolysis, glucuronic acid 
is largely lactonized (about two-thirds) to glucuronolactone, though an equili- 
brium is reached. Approximately 75 to 95% of the original activity was re- 
covered in the UDP-uronic acid band. In the experiments with low recovery 
some of the counts must have been lost during the numerous elutions and 
transfers required to prepare the samples for counting, for in another experi- 
ment 97% of the initial activity was recovered in the uronic acid and lactone 
bands when the sample was hydrolyzed prior to chromatography. 

When the uronic acid band obtained by hydrolysis was passed through 
Amberlite [R-120 at room temperature to remove ammonium ions and chroma- 
tographed in solvent 1 for 6 days, about three times more activity ran off the 





nd 
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paper than was recovered in the glucuronic acid region. The region of the 
chromatogram corresponding to galacturonic acid reference standard had little 
or no activity and showed a negative silver nitrate spot test. The active 
material which ran off the paper proved to be glucuronolactone when chroma- 
tographed using solvent 1 for 3 days. This indicated that most of the activity 
found in the uronic acid following acid hydrolysis of UDP-uronic acid was due 
to glucuronic acid which subsequently lactonized upon treatment with Amber- 
lite [R-120 at room temperature. Galacturonic acid does not lactonize in acid. 
Furthermore, the activity of glucuronolactone separated into glucuronic acid 
and its lactone in a ratio of about 1 to 3 when passed through a sulphonic resin 
column. The radioactive uronic acid moiety of the UDP-uronic acid in fraction I 
is therefore chiefly glucuronic acid. 

L-Gulonic acid has been found by other workers to be an intermediate in 
inositol metabolism (10). This acid lactonizes readily (20) and its lactone moves 
a little slower than glucuronolactone in solvent 1 when run for 40 hours. Little 
or no activity was found in the L-gulonolactone band. 

Specific Activities 

After acid hydrolysis of the UDP-uronic acid, the unlactonized glucuronic 
acid band was eluted from the chromatogram and estimated quantitatively 
along with a paper blank of identical size from the adjacent region of the paper. 
The radioactivity was determined on an aliquot of the same sample. The 
specific activity of glucuronic acid from C-coho II is slightly higher than that of 
UDP-uronic acid (Table III) indicating that small amounts of other acids, of 


TABLE III 


Specific activities of UDP-glucuronic acid and 
glucuronic acid released by acid hydrolysis 








Activity per umole 








C'4-coho I C'4-coho II 
Compound (c.p.m.) (c.p.m.) 
Glucuronic 675 2,370 
UDP-uronic acid* ~- 1,983 





*The specific activity of UDP-uronic acid of C'-coho I was not determined. 


little or no activity, may be present in the UDP-uronic acid mixture. The lower 
specific activity of glucuronic acid from C™-coho I is due partly to the fact that 
this liver tissue is a composite of 23.5 g of radioactive liver and 17.9 g of non- 
radioactive liver (11). 


Fraction G of C'*-coho II 

This fraction, which moved like UDP-hexose in solvent 2, was hydrolyzed in 
0.1 N HCl at 100° C for 20 minutes, ion-exchanged through a mixed bed column 
of Amberlite IR-120 and IR-45, and separated in solvent 3 for 40 hours. With 
an ammoniacal silver nitrate spray the galactose band was obtained as previously 
shown (12) and in addition a glucose band was also found, confirming the 
observations of Forrest and Hansen (21). The sugars eluted from a 40-hour 
chromatogram in solvent 3, and analyzed along with appropriate blanks, 
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showed values of 0.33 umole of galactose and 0.533 umole of glucose in fraction 
G, indicating that 38% of the UDP-hexose was UDP-galactose and 62% 
UDP-glucose. A higher glucose content was expected since the fish had been 
injected with large doses of glucose (11). In other UDP-hexose fractions of 
female cohoes captured at sea, galactose contents of 19 and 40% were found. 
Glucose was also found in fraction G of spring salmon liver investigated earlier 
(12). 

Of the 600 c.p.m. present in fraction G (Table I), 71.5% of the activity has 
been recovered from the various regions of the sugar chromatogram. However, 
very little, if any, radioactivity was found in the glucose and galactose region of 
the paper, indicating that UDP-glucose and UDP-galactose are not early 
transformation products of inositol. 


Fraction F of C'4-coho II 

Fraction F, which moves like UDP-N-acetylhexosamine in solvent 2, and 
which precedes UDP-hexoses during column chromatography (12), was 
hydrolyzed in 0.1 N HCl for 30 minutes at 100°C. When the hydrolyzate, 
representing 5.6% of the entire fraction F, and containing 0.215 umole, was 
separated in solvent 3 for 40 hours, the band corresponding to N-acetyl- 
glucosamine reference standard showed no activity. 


Discussion 


The radioactivity of acid-soluble phosphorus compounds of coho liver is 
found mostly in fraction As and in the glucuronic acid moiety of UDP- 
glucuronic acid following introduction of 2-C-myoinositol. On the basis of 
known interconversions of sugar nucleotides in plants, summarized by Hassid 
et al. (22), one of the biosynthetic sequences by which UDP-glucuronic acid is 
formed is as follows: 


ATP UTP 
D-glucuronic — a-D-glucuronic = UDP-p-glucuronic 
acid acid-1-phosphate PP acid 


This series of reactions is probably also the route by which inositol is converted 
to UDP-glucuronic acid, since D-glucuronic acid is generally considered to be 
one of the first products formed after the ring opening of inositol between the 
1 and 6 carbon atoms (3, 6, 8, 9). The absence of measurable activity in UDP- 
glucose might be explained by the apparent irreversible nature of the conversion 
of UDP-glucose to UDP-glucuronic acid (23, 24) and by the fact that inositol 
must go through the pentose cycle (10) to form glucose, which must then be 
phosphorylated and finally converted to UDP-glucose. The many dilutions 
involved in such a reaction series could conceivably dilute the C'* to a point 
where it becomes difficult to measure. 

Further work is in progress to identify other active fractions, particularly As, 
in the acid extracts of salmon liver. 
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A MOLECULAR MECHANISM FOR ENZYMATIC 
DEHYDROGENATIONS INVOLVING PYRIDINE 
NUCLEOTIDES ' 


RicHARD M. KrupKA AND KEITH J. LAIDLER 


Abstract 


The main kinetic results obtained with the dehydrogenases are briefly summar- 
ized. It is shown that the mechanism must involve a ternary enzyme-substrate— 
coenzyme complex, that acidic and basic groups on the enzyme surface must be 
involved in the reaction, and that there appears to be a transfer of the substrate 
from one site to another in the rate-determining step. It is suggested that this 
step is the actual hydrogen-transfer process. When the substrate is undergoing 
oxidation, this transfer is brought about by a nucleophilic attack by a basic 
group B~ at the enzyme’s active center. This attack may be on a hydroxyl 
hydrogen atom, and is considered to lead to the transfer of H~ from the substrate 
to the coenzyme. The product is held to the enzyme by hydrogen bonding between 
the group BH (formed by the addition of a proton to the basic group B~) and the 
carbonyl group on the substrate. 


Introduction 


A typical enzymatic dehydrogenation involves the removal of two hydrogen 
atoms from a substrate containing the group 


\/4 
c 
7 \o-n 


and the transfer of one of them (that linked to the carbon atom) to a coenzyme 
molecule; the other passes into solution. The over-all process may be repre- 
sented as 


H 
\ SP 
° 
H O—H HoNcCoc~ cu HoNcoCc~ cu . i 
NZ ee aa H + Cc 
¢ + | | = | 
iti HC CH HC CH ’ i. * 
Sy Ny 
| | 
R B 
(DPN* or TPN*) (DPNH or TPNH) 


A well-investigated example of this type of reaction is the oxidation of lactic 
acid to pyruvic acid, the enzyme being lactic dehydrogenase and the coenzyme 
DPN*. Some of the kinetic evidence (1-6) will now be summarized briefly, 
and a detailed mechanism will later be proposed to account for the observed 
behavior. 

The rate of the oxidation of lactic acid to pyruvic acid, under the action of 
lactic dehydrogenase, was found to pass through a maximum as the pH was 
varied (4); this type of behavior suggests that a basic group (which will here be 
represented by —B-) and an acidic group (—A—H) play important roles in 

‘Manuscript received May 24, 1960. 

Contribution from the Department of Chemistry, University of Ottawa, Ottawa, Ontario. 


Can. J. Biochem. Physiol. Vol, 38 (1960) 
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the process. Studies on the lactic dehydrogenase system on the variation of rate 
with the concentrations of lactic acid (S) and of DPN*t (C) have indicated 
(1, 2, 3) that a ternary complex ESC is formed, in accordance with the scheme 
of reactions represented in Fig. 1. With certain simplifying assumptions this 
scheme leads to the kinetic equation 


O72 
| 7 
a 


Reduced C 
+ Oxidized S$ 








Fic. 1. General scheme of reactions for the enzymatic oxidation of a substrate S by a 
coenzyme C. 


-_ _RK.KelE}o [SIC] 
” (1+K,[S}) 1+ KelC])) 


where [E] 9 is the total concentration of enzyme and k, K,, and K, are constants. 
Certain complications exist for the lactic dehydrogenase system, but for 
alcohol dehydrogenase equation [1] is obeyed quite satisfactorily (7). 

That the hydrogen atom transferred from substrate to coenzyme is actually 
transferred directly, and not via the solvent, has been demonstrated for a 
number of dehydrogenase systems by Westheimer, Vennesland, and their 
co-workers (8-10). This has been shown by isotope exchange studies, which 
have further proved that the hydrogen atom is transferred specifically to one 
side of the pyridinium ring, the side being different for different enzymes. This 
result is understandable in view of the rather rigid specificity requirements 
maintained by these enzymes. 

A result that is significant from the standpoint of oxidative enzyme mecha- 
nisms is the observation of Ottolenghi and Denstedt (6) that with the lactic 
dehydrogenase system certain inhibitors (tartronate, malonate, and oxalate) 
compete with the substrate when the reaction is studied in the direction 


lactate + DPN+ — DPNH + H?* + pyruvate, 





[1] 


but inhibit non-competitively when the reaction is studied in the reverse 
direction. Considered in the light of recent results of our own on the effects of 
pH and of inhibitors on certain hydrolytic enzymes (11), these results lead to a 
mechanism for enzyme action in which the substrate becomes transferred from 
one site to another during the course of reaction. 
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Reaction Scheme 


The mechanism is shown in Fig. 2, and the process may be traced from top to 
bottom as follows. The enzyme E is capable of adding on inhibitor* I to form 
EI, substrate SH to form E(SH), and coenzyme C to form EC, which can also 
add on I to form ECI. The inhibitor, however, becomes attached at the same 
site as SH, so that the complex E(SH)I cannot be formed. Similarly the ternary 
complex E(SH)C cannot combine with I. 


at 


EI 





eee 





Ne 
bK; 
ae ES(CH)I 
x oe 
oe) 
kg © 
est Slee = cicn) =e E(CH)I 


ee Ms 


‘a 


Fic. 2. More detailed reaction scheme for dehydrogenations, showing inhibition by a 
substance which competes with substrate SH when the reaction occurs in the downward 
direction, and which acts non-competitively in the reverse direction. 








The process E(SH)C — ES(CH) is the transfer of H— from SH to C (at the 
same time an H?* passes into solution) and is believed to represent the rate- 
determining step in the reaction. During this process it is postulated that the 
substrate is transferred to another site on the enzyme, so that now I may 
become attached to form ES(CH)I. The subsequent course of the reaction is 
the splitting off of CH and S, and is largely the reverse of the initial processes, 
although it is to be noted that ES, unlike E(SH), can add on I owing to the 
transfer to the other site. 


Kinetic Behavior 


The details of the processes are considered later (cf. Figures 4 and 5); first it 
will be shown that this mechanism does lead to the kinetic behavior observed. 
*The present discussion refers specifically to the inhibitors tartronate, malonate, and oxalate, 


which were studied by Ottolenghi and Denstedt (6); the results with oxamate and phenoxy- 
acetate suggest a°different mechanism, and are discussed below. 
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Inhibition by Tartronate, Malonate, and Oxalate Ions 
The reason that the mechanism shown in Fig. 2 explains competitive 
behavior in the direction 


SH +C—-CH+S 


and non-competitive in the reverse direction is in brief as follows. The slow 
processes are assumed to be those corresponding to the rate constants k3; and 
k_s, since these are the processes involving the actual hydrogen transfer. The 
rate in the forward direction is therefore proportional to the concentration of 
E(SH)C, with which the inhibitor is unable to combine; the behavior is there- 
fore competitive as far as SH and | are concerned. The rate in the reverse direc- 
tion is proportional to the concentration of ES(CH), with which the inhibitor 
can combine (owing to the shift to the other site), and the behavior is now 
non-competitive. * 

The rate equation for the reaction in the forward direction may be obtained 
on the assumption that the species E, El, E(SH), EC, ECI, and E(SH)C are 
all in equilibrium with one another, and that the rate is proportional to 
[E(SH)C]. The total concentration of enzyme is initially given by 


(1] ([E]o = [E] +[El] +[E(SH)] +[EC] +[ECI]] +[E(SH)C] 
and the following are the equilibrium equations: 

[2] [El] = Ki{E}[I] 

[3] [E(SH)] = A[:E][SH] 

[4] [EC] = Ky'[E)[C] 

[5] [ECI] = a’K,{EC][I] 

[6] [E(SH)C] = AK.[E(SH)][C] = A.’[EC][SH]. 

In addition 

[7] KK, = Ki'Ky’. 


From these equations it follows that the initial rate, equal to k3[E(SH)C], is 
kK iK{E] 0 ([SH][C] 

1+AK,{I] +A,{[SH] +Ky[C](1+a’Ki{l])+AiK[SH][C] 

The rate in the absence of inhibitor is 

(9] ik k3K \K2[E]o [SH] [C] 

~  1+K,[SH]+Ky'[C] + K1K.[SH][C] 

The degree of inhibition corresponding to an inhibitor concentration [I] is 

therefore 

Yo—V _ {Kita’K;Ky[C] } [I] ; 

ve  1+Ki{l]+Ki{SH]+Ki'[C](1+e’Ki{I])+K:K2{SH][C] 

This fraction is decreased by an increase in [SH], so that the behavior is competi- 


tive with respect to SH. Under certain conditions it is also competitive with 
respect to C. 





(§] =o 











[10] 


*The above statements are, broadly-speaking, correct, but some complications exist as 
revealed in the more detailed treatment which follows. 
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Inhibition by Oxamate Ions 

The preceding treatment seems to apply to inhibition by oxalate, malonate, 
and tartronate ions. For oxamate and phenoxyacetate, on the other hand, the 
behavior is different. The oxamate ion was found by Schwert and co-workers 
(5) to inhibit competitively with respect to pyruvate when the reaction was 
studied in the direction pyruvate — lactate, but not to compete with lactate 
when the reaction was studied in the reverse direction. The situation is 
therefore the opposite to that found with oxalate. The results can be explained 
if it is postulated that the oxamate ions become attached to the enzyme at the 
same site as S (pyruvate) rather than SH (lactate). A possible reason for this 
difference is considered later, and it is shown that the pH results confirm this 
suggestion and throw further light on it. 


“‘Uncompetitive’’ Inhibition 

The work of Schwert (5) and of Ottolenghi and Denstedt (6) showed that 
oxalate, tartronate, and malonate ions inhibited the lactate — pyruvate re- 
action in a manner that was competitive with respect to lactate. Both sets of 
workers, however, found that the behavior in the case of oxalate was ‘‘uncom- 
petitive’ with respect to DPN?, and this requires some further consideration. 

The term ‘‘uncompetitive’’* was applied by Ebersole, Guttentag, and Wilson 
(13) to refer to a type of inhibition in which the degree of inhibition is increased 
by the addition of substrate (or, in the present case, of coenzyme). The 
experimental criterion for this type of inhibition is that plots of 1/v against the 
reciprocal of the substrate (or coenzyme) concentration lead to a series of 
parallel straight lines, in contrast to converging lines for competitive behavior. 
Such 1/v vs. 1/[C] plots are shown by Ottolenghi and Denstedt (6) for the 
oxalate ion. 

The usual explanation for uncompetitive behavior is that the inhibitor does 
not combine with the free enzyme, but does combine with the enzyme—sub- 
strate or enzyme—coenzyme complex. If the scheme of Fig. 2 is employed, but 
I does not combine with E, the resulting rate equation is (compare eq. [8] ) 


oy k3K1K2{E] o[SH]([C] 
1+K,[(SH] +Ky[C] (1+a’K,{I))+K1K2{SH][C] 
This may be written as 


[12] 1 = 1+K,[SH] 7% 4m iteR ete keene 

so that a plot of 1/v against 1/[C] at constant [SH] will give lines of constant 
slope but with intercepts on the 1/v axis that increase when [I] is increased. 
The behavior is thus ‘‘uncompetitive’’ with respect to coenzyme. It is still, 
however, competitive with respect to substrate; thus eq. [12] may be written as 


1 a 1+Ki[C}(1+a’Ki{l))_ 1 1+K,[C] 
v k3K 1 K[E]o[C] [SH] k3K2[E]o[C] 
so that a plot of 1/v against 1/(SH] at constant [C] will give lines of varying 


*The name is unfortunate; a better term, proposed by Reiner (12) is ‘‘substrate-promoted 
inhibition”. 





[11] v 








[13] 
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slope but constant intercept. 

The fact that the inhibitor cannot combine with the free enzyme, but only 
with the enzyme—coenzyme complex, leads to the suggestion that the coenzyme 
constitutes part of the site to which the inhibitor is bound. 


The Reverse Reaction 


Application of the same procedures to the reverse reaction leads to a rate 
equation of somewhat different form, namely 
(14) v= 

k_3K y*K;*[E] ofS}[CH] 

1+Ki{l] +Ks*[S](1+cKi{I]) +Ks’*[(CH] (1+c¢’Ki{l]) +Ks*K5*(S] [CH] (1+0K;{1]) 
where K,4* = k_4/ky, K;* = k_s/ks, and K;'* = k_;'/k;’, the rate constants 
being shown on Fig. 2. 

This equation corresponds to either non-competitive or ‘‘mixed’’ behavior. 
In the event that c = c’ = b = 1, i.e. the inhibitor becomes attached equally 
strongly to all forms of the enzyme, the rate equation reduces to 


- k_3K4*K;*([E] o[S][CH] 
(1+K;*[S] + K;’*(CH] +K.4*K;*[S][(CH])(1+&;{I]) 
the degree of inhibition is now 


[16] 





[15] v 





Vo—v K\{l) 
Vo 1+-K,{I] 





and is independent of both [SH] and [C]; this is simple non-competitive behavior. 


Inhibition by Substrate 

The phenomenon of inhibition by excess substrate has frequently been 
observed. This type of behavior is usually (14-17) attributed to the fact that 
the enzyme can become attached to two molecules of substrate, and that the 
resulting ES, complex is unable to undergo further reaction. This hypothesis is, 
however, not necessary for reactions involving a substrate and a coenzyme, 
since substrate inhibition can arise if the enzyme—substrate complex is (perhaps 
for steric reasons) unable to react with coenzyme, and if in addition steady- 
state, rather than equilibrium conditions apply. 

That this is the case may be shown with reference to Fig. 3, in which the 


E (SH) 
k-2 


ke 





EC(SH) 
- 
E + products 


Fic. 3. Reaction scheme for an enzyme-substrate-coenzyme system in which the 
enzyme-substrate complex E(SH) is unable to add on a coenzyme molecule C. 





or. 


en 
lat 


is, 
ne, 
ips 
ly- 


the 


he 








KRUPKA AND LAIDLER: ENZYMATIC DEHYDROGENATIONS 1191 


addition of coenzyme to ES, and the reverse reaction, have been omitted. 
Application of the steady-state treatment gives rise to the equation 
- kiksK[E] o[SH][C] . 

(k_1'+ksK[SH] +h1'[C])(1+K,[SH]) 
Since the denominator of this expression involves a term in [SH] ?, this equation 
corresponds to substrate inhibition. 

Working with what is probably another variety of lactic dehydrogenase 
Socquet and Laidler (1) observed inhibition of the lactate — pyruvate reaction 
by excess DPN. They attributed this inhibition to binding by DPN at the 
lactate site on the enzyme, but the above discussion shows that an alternative 
explanation is possible, namely that the reaction EC + S @ ECS is blocked. 

The above mechanism is seen to provide a possible explanation for substrate 
inhibition, but the alternative explanation that an ES: complex is formed is, of 
course, not excluded. Ottolenghi and Denstedt (6) did in fact find for inhibition 
by excess pyruvate that oxalate competes with the pyruvate. This indicates 
that the substrate inhibition is due to attachment of pyruvate to the lactate 
site (sh), so that the conventional explanation probably applies. 


[17] 





The Molecular Mechanism 


Further details of the mechanism may now be considered. The scheme of 
reactions shown in Fig. 2 involves three important sites on the enzyme surface. 
One of these, which will be denoted by c, is responsible for the binding of the 
coenzyme. Another, sh, binds the reduced form of the substrate, and this is 
transferred to the third site s during the hydrogen transfer process. This third 
site is the one which binds the oxidized form of the substrate in the reverse 
reaction. 

The reaction mechanism is represented in terms of these three sites in Fig. 4, 
which corresponds to Fig. 2 but shows more detail. The inhibitor is regarded as 
becoming attached at the sh site, but not at s or c; the complex E(SH)C is 
therefore unable to bind an inhibitor molecule since sh is already covered, but 
ES(CH) can add on the inhibitor since the substrate molecule has become 
transferred to the site s. 

The rate-determining step is shown in still more detail in Fig. 5. The DPN* 
is shown attached to the site c, but little evidence is available as to the mode 
of binding. The attachment of the substrate molecule (existing as the lactate 
ion) is considered to be by hydrogen bonding to an acidic group —A—H which 
constitutes part of the site sh; there is undoubtedly some additional bonding 
involving other parts of the lactate ion (e.g. ‘“hydrophobic’”’ bonds between 
—CH; and non-polar groups on the enzyme surface). The site s is considered 
to consist in part of a nucleophilic group represented by —B~ on the figure. 
The rate-determining step consists of a nucleophilic attack by this group on 
the alcoholic hydrogen atom, which facilitates the transfer of H~ from the 
lactate to the DPN*. The lactate is in this way converted into the pyruvate ion, 
which is now held by hydrogen bonding to the newly formed —-_B—H group. 

This picture of the process represents the DPN?* as playing a purely passive 
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E(sH)C 











ES(CH)I 


\ 

















e(cH) E(CH)I 
E = E 


Fic. 4. More detailed version of Fig. 2, showing schematically the attachment of the 
coenzyme and substrate molecules. 


I 


role and merely accepting the H~ ion presented to it. This is undoubtedly too 
simple a view, and acidic and basic groups on the enzyme surface, constituting 
part of the site c, probably activate the DPN+ and facilitate the transfer. 
Further elucidation of the mechanism must await additional studies of the 
effects of inhibitors and of pH changes on the over-all process and on the extent 
of binding of substrate and coenzyme. 

It is now of interest to consider the mode of binding of the inhibitors to the 
enzyme. The tartronate, malonate, and oxalate ions were seen to be bound at 
the same site (sh) as is the lactate. In Fig. 5 the binding of lactate is suggested 
as involving a hydrogen bond between the oxygen atom of the carboxylate ion 
and the hydrogen atom of an acidic group —A—H, and a similar binding may 
be expected to occur with these three inhibitors. Oxamate, on the other hand, 
appears to be bound at the pyruvate site (s), and to inhibit competitively with 
pyruvate. This may be explained as brought about by hydrogen bonding be- 
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ENZYME + LACTATE + DPN* 





E(SH)C ES(CH) 


| 


ENZYME + PYRUVATE + DPNH 
+Ht 


Fic. 5. Details of the rate-determining step for the oxidation of lactic acid by DPN*. 


tween —B—H of the s site and the —NHg group on the inhibitor. Phenoxy- 
acetate was seen above to show mixed inhibition in both directions; it was 
suggested above that the attachment may involve the phenyl group, which may 
lead to stronger bonding than can occur with the carboxylate ion. 


pH Effects 


Winer and Schwert (4) have made a detailed study of the influence of pH 
on the lactic dehydrogenase system, and have discussed the results in the light 
of the reaction mechanism. In the present section we consider only those 
results that are relevant to the proposals made in the present paper. 

The pH dependence of the equilibrium 


enzyme—-DPNH-oxamate = enzyme-DPNH + oxamate 
is found to be approximately the same as that for 
enzyme—-DPN H-pyruvate @ enzyme-DPNH + pyruvate. 


This result is consistent with the fact that oxamate binds at the same site (s) 
as pyruvate, as deduced above from the nature of the inhibition. Similarly 
the pH dependence for the equilibrium 


enzyme—DPN-oxamate = enzyme—DPN + oxamate 


is the same as for the previous two equilibria, which further supports the 
suggestion that oxamate binds at s. 


The plot of log K against pH for the equilibrium 
enzyme—DPN + lactate = enzyme—DPN-lactate 


passes through a maximum, as does the rate constant for the over-all reaction 
in the direction lactate — pyruvate. These facts are consistent with the mecha- 
nism proposed in Fig. 5, the slow process involving the acidic site at the sh site 
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and the basic site at s. The basic site at s has a pK of about 7, and as suggested 
by Winer and Schwert (4) it is probably the imidazolium ring of histidine, 
which must be in the unprotonated form for the reaction to occur from lactate 
to pyruvate. 

The pH behavior in the direction pyruvate — lactate is different, and in 
particular there is no maximum in the over-all rate, the rate increasing steadily 
as the pH is lowered. This result is consistent with the mechanism shown in 
Fig. 5, which shows that both of the sites must be protonated for the reaction 
to proceed in this direction. 


Conclusion 


The various lines of evidence, including the types of inhibition obtained with 
different inhibitors and the pH effects, all lead to the conclusion that the slow 
step in the reaction is the actual hydrogen transfer when the substrate and 
coenzyme are together on the enzyme surface. At least three main sites on the 
enzyme are involved. One of these, c, is concerned with the binding of the 
coenzyme, but as yet there is little evidence as to its nature. Two sites are 
involved in the binding of the substrate, and the essential feature of the mecha- 
nism proposed is that during the hydrogen transfer there is a migration of the 
substrate from one site to the other. 


The application of these ideas to the mode of action of estrogens has been 
considered in a separate paper (18). 
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STUDIES ON THE INHIBITION OF THE MITOCHONDRIAL 
ATP-ase BY REDUCTION OF THE RESPIRATORY CHAIN! 


W. CHEFURKA? 


Abstract 


The effects of inhibition of the electron transport system on the stimulation of 
the ATP-ase reaction in liver and rat-heart mitochondria by dinitrophenol were 
studied. Cyanide at concentrations 10-* M and higher effectively reduced the 
stimulation of ATP-ase by dinitrophenol. A similar but less striking inhibition 
was observed for rat-heart sarcosomes. This ATP-ase reaction was also inhibited 
in the presence of 10-* M cyanide with glutamate, B-hydroxybutyrate, DPNH, 
and succinate as reductants of the respiratory chain. Anaerobiosis also caused 
a substantial decrease in the ATP-ase reaction. In all instances, complete 
inhibition of the ATP-ase reaction could not be achieved when the respiratory 
chain was reduced. The magnesium-stimulated ATP-ase of rat-heart sarcosomes, 
of aged mitochondria, and of the Keilin-Hartree heart-muscle preparation was 
insensitive to reduction of the carriers suggesting that this reaction may constitute 
only part of the total ATP-ase reaction. The compatability of the various 
mechanisms of oxidative phosphorylation with these results is discussed. 


Introduction 


The phosphorylating system of mitochondria is characterized by its great 
lability to a variety of agents generally known as ‘‘uncoupling agents’’. In 
consideration of these agents and particularly DNP®* it was suggested that 
“those agents which speed up metabolism and at the same time decrease the 
energy available for work or assimilation act by allowing oxidation to occur 
without phosphorylation or actually cause dephosphorylation of high-energy 
phosphate’ (1). This generalization is now well documented (2, 3, 4, 5, 6, 7). 
There is, however, no direct evidence on the site or mechanism of uncoupling 
of oxidation from phosphorylation in the respiratory chain by dinitrophenol. 
Circumstantial evidence has provided several interesting possibilities. Loomis 
and Lipmann (2) have suggested that DNP could “replace” inorganic phos- 
phate. Then in rapid succession it was suggested that DNP causes a hydrolysis 
of a high-energy phosphorylated intermediate (4, 8, 9, 35, 50) perhaps by 
interacting with this intermediate to form a DNP intermediate (8, 50) or a 
hydrolysis of a high-energy intermediate which arises during phosphorylation as 
a result of the interaction of the electron transport chain with a hypothetical 
factor I which may then interact with inorganic phosphate and ADP to form 
ATP (10, 11, 12, 13, 14, 15, 16). 

DNP also induces the hydrolysis of ATP, which in intact mitochondria is 
“latent” (5, 7, 8). The most reasonable explanation of this action of DNP is 
that the induced hydrolysis of ATP represents a reversal and diversion of the 


1Manuscript received February 29, 1960. 

Laboratory of Physiological Chemistry, University of Amsterdam. Postal address: J. D. 
Meijerplein 3, Amsterdam C, The Netherlands. 

‘ 2Present address: Pesticide Research Institute, Canada Department of Agriculture, London, 
ntario. 

*The following abbreviations will be used: DPNH, reduced diphosphopyridine nucleotide; 
ATP, adenosine triphosphate; EDTA, ethylenediamine tetracetic acid; Tris, (hydroxymethy])- 
aminomethane; Pi, inorganic phosphorus; DNP, 2,4-dinitrophenol; ADP, adenosine diphos- 
phate; DPN, diphosphopyridine nucleotide. 
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oxidative phosphorylation machinery (1, 4, 8). This suggestion has since 
prompted the investigation of the effects of various parameters on the stimula- 
tion of mitochondrial and submitochondrial AT P-ase by DNP, and the result- 
ing information has been brought to bear on the various formulations of the 
energy-coupling mechanisms (17, 18, 19, 20, 21). 

The experiments described in this paper were undertaken as a reinvestigation 
of the effects of cyanide on the DNP-induced ATP-ase of liver mitochondria 
(21) with a view to deciding whether the state of oxidation—reduction of the 
respiratory catalysts affects the stimulation of the “‘latent’’ ATP-ase by DNP. 


Methods‘and Materials 


Rat-liver mitochondria were prepared in ice-cold 0.25 M sucrose from 
Wistar rats as described by Myers and Slater (22). Care was taken to maintain 
the entire procedure at 0° C. The final mitochondrial pellet was washed three 
times with cold isotonic sucrose in order to remove the fluffy layer. 

Rat-heart sarcosomes were prepared by the method of Slater and Cleland 
(23) with the modification that 0.001 @ EDTA pH 7.2-7.4 was used in the 
isolation medium which was ice-cold 0.25 M sucrose. The fractionation pro- 
cedure was carried out at about 2°-5° C in a Servall high-speed centrifuge, as 
described by Myers and Slater (22). 

Fragments of rat-liver mitochondria were prepared by aging them at 32°C 
for 2 hours and then alternately freezing and thawing them three times. 

The sarcosomal fragments were prepared from horse heart by the standard 
procedure of Keilin and Hartree (24) and described by Slater (25). 

The assay for ATP-ase activity of rat-liver mitochondria, rat-heart sarco- 
somes and the mitochondrial and sarcosomal fragments was carried out in 
ordinary centrifuge tubes or Thunberg tubes. The basic isotonic reaction 
medium for liver mitochondria contained 0.075 M KCl, 0.05 M sucrose, 
0.001 M EDTA (pH 7.2-7.4), 0.05 M Tris-acetate buffer at the appropriate 
pH, 0.002 M ATP (Na salt) (pH 7.2-7.4), with or without 0.0001 “@ DNP 
(pH 7.2), and, unless otherwise stated, 0.002 M MgCl:. In experiments with 
rat-heart sarcosomes, 0.003 M MgCl, with 0.001 4 EDTA (pH 7.2-7.4) was 
used, whereas in the work with mitochondrial or sarcosomal fragments 0.001 
MgCl, and no EDTA was used. The total volume was 1.5 ml in the experiments 
involving ordinary centrifuge tubes and 2.25 ml in those performed in Thunberg 
tubes. The incubation time was generally 15 minutes at 20+2°C. The 
reaction was stopped by the addition of an equal volume of 10% trichloroacetic 
acid, the protein was centrifuged off, and the inorganic phosphate in the 
supernatant fluid was determined by the Fiske-Subbarow method as modified 
by Sumner (26). 

Whenever potassium cyanide was used in the ATP-ase experiments a fresh 
stock solution was prepared and neutralized to approximately pH 7.0-7.4. 

The concentration of enzyme used in all the experiments was such that at 
most 40-50% of the ATP was hydrolyzed. Under these conditions the amounts 
of inorganic phosphate liberated in the presence of DNP was proportional to 
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the enzyme concentration (cf. 8). The concentration of liver mitochondria 
varied from 0.20—0.56 mg protein per ml and of rat-heart sarcosomes from 
0.08-0.12 mg protein per ml. The degree of inhibition of the DN P-induced 
ATP-ase reaction by cyanide and anaerobiosis was calculated after appropriate 
correction for hydrolysis in the controls, i.e. in the absence of DNP. 

The oxidized and reduced states of the respiratory carriers were accomplished 
in the following manner. The oxidized state was produced by exposing the 
mitochondria to DNP in air-equilibrated solutions in the absence of any added 
oxidizable substrate (12). The reduced state was achieved either partially 
or completely (we did not monitor our system) by adding cyanide at various 
concentrations either in the presence or absence of a reductant. In instances 
where no reductant was used, it was assumed that the endogenous level of 
substrate was sufficient to reduce the respiratory chain (12) when cyanide 
reacted with cytochrome oxidase. The reductants used were glutamate 
8.0 uzmoles/ml, d/-8-hydroxybutyrate 13.3 umoles/ml, succinate 6.6 zmoles/ml, 
and DPNH 6.6 pzmoles/ml. The latter was purchased from Sigma Chemical Co. 
Paired reaction tubes in which the mitochondrial respiratory chain was in the 
oxidized and reduced state, as well as appropriate controls, were always 
incubated under the same conditions. 

Reduction of carriers was also brought about by anaerobiosis. This was 
accomplished by placing all the components in the main compartment of the 
Thunberg tube except the enzyme preparation, which was placed in the side- 
arm. The tubes were then evacuated with a water aspirator for 2 minutes. 
During this manipulation, the side-arm was kept in an ice bath to reduce 
damage to the mitochondria. As indicated in the Results, it was found that 
with constant shaking of the tubes, a 2-minute evacuation period was sufficient 
to remove the air toa minimum. In some preliminary experiments a 4-minute 
evacuation was used followed by flushing the tubes with nitrogen four times and 
evacuating them between flushings. After the 2-minute evacuation the tubes 
were sealed in an atmosphere of nitrogen. The mitochondria in the oxidized 
state were treated in an exactly similar manner except that the tubes were 
finally filled with air rather than nitrogen. They were then shaken for 4 minutes 
in order to achieve air-equilibration and hence full oxidation of the respiratory 
pigments. 

To control any damage to the mitochondria either during their preparation 
or subsequent evacuation, the enzymes in the oxidized tubes were treated 
similarly to those in the test preparation except that the incubation medium 
did not contain DNP. Any damage would therefore reveal itself by a high 
ATP.-ase activity (5) in the presence of magnesium. Occasionally some damage 
was observed; whenever it did occur the results were discarded. 

It was found that if the mitochondria were placed in the main chamber 
rather than side-arm even a short-term evacuation, though the main chamber 
was chilled, was sufficient to damage the mitochondria. 

The nitrogen used in these experiments came from a commercial source and 
was passed over a hot copper coil (27, 28). 

In the experiments designed to test the reversibility of the inhibition of the 
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ATP-ase reaction by anaerobiosis, the procedure was followed as outlined, 
except that another tube was included in which the mitochondria were incu- 
bated under anaerobic conditions for 10 minutes. The vacuum was then broken, 
air permitted to enter, and the incubation carried on for an additional 10 
minutes. In such experiments all the tubes were shaken for 10 minutes. If the 
process is reversible, the total activity during the 20-minute period of incuba- 
tion should equal the sum of the two individual experiments: oxidized plus 
reduced. 

The ATP-P**i exchange reaction under conditions in which the respiratory 
chain was oxidized or reduced was performed as follows: the basic test medium 
consisted of 0.065 M KCl, 0.003 M MgCl, 0.001 @ EDTA (pH 7.4); 0.05 M@ 
Tris—acetate buffer (pH 7.4) ; 6.6 10-* M phosphate buffer (pH 7.4), 0.1-0.2 ml 
of P**i standard depending upon activity (usually approximately 4500 c.p.m.), 
and 0.006 M ATP (Na salt) (pH 7.4). The total volume was 1.5 ml. The P**i 
was obtained from Phillips Roxane, Weesp, Holland, and treated according to 
Nielsen and Lehninger (29). 

The mitochondria were placed in the side-arm and the oxidized or reduced 
state induced as already described. The reaction was begun by tipping the 
mitochondria into the main chamber. After 30 minutes the reaction was 
stopped by an equal volume of 10% (w/v) trichloroacetic acid. The separation of 
the P*7i and ATP* was effected by the procedure of Nielsen and Lehninger 
(29). The ATP*? in a $-ml aqueous aliquot was placed in an aluminum planchet 
and counted in a Geiger—Miiller counter. The amount of P**i exchanged was 
then calculated from the specific activity of the P**i and the activity found in 
the ATP®. 

The protein content of the enzyme preparation was determined by the 
biuret method of Gornall, Bardawill, and David (31) as modified by Cleland 
and Slater (32). 

The reagents used in these experiments are already described by Myers and 
Slater (21, 22). 


Results 

(a) Effects of Cyanide 

(1) Liver Mitochondria 

It has been well established that freshly prepared liver mitochondria contain 
endogenous substrate. If phosphate acceptor or uncoupling agents such as 
DNP are added in the presence of oxygen, the endogenous substrate is rapidly 
exhausted. Spectroscopic examination of such preparations indicates that the 
respiratory chain of mitochondria or mitochondrial particles is in the oxidized 
state (12, 33). It is reasonable to assume therefore that under the conditions 
of assay of the ATP-ase activity reported in this paper, in the presence of 
DNP, the cytochromes (and presumably the pyridine nucleotides and flavo- 
proteins) were in the oxidized state. 

The addition of cyanide would combine with cytochrome oxidase, thereby 
preventing the oxidation of the endogenous substrate. Part or all of the 
respiratory chain would therefore be reduced during the course of the AT P-ase 
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assay. The data in Fig. 1 indicate a striking decrease in the ability of DNP to 
stimulate the latent AT P-ase in the presence of cyanide. The inhibition was a 
function of the cyanide concentration. At lower levels of cyanide less inhibition 
of ATP-ase activity was achieved presumably because of incomplete inhibition 
of cytochrome oxidase and hence incomplete reduction of the electron transport 
system. 
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Fic. 1. Effect of cyanide on the DNP-induced ATP-ase reaction of liver mitochondria 
at pH 7.2: the basic test system is described in the text. Each experiment was carried out 
on a different enzyme preparation. Experiments marked 0 contained 2X10-* M MgCl. 
and those marked O contained 10-* M MgCh. 


It should also be noted that the inhibition of ATP-ase reaction increased as 
the concentration of cyanide was increased from 10-* to 10-? M. It is difficult 
to understand why the inhibition of the ATP-ase increases if one assumes 
complete inhibition of the cytochrome oxidase by 10-* M cyanide. It may be 
that 10-* M cyanide in the presence of DNP did not completely reduce all 
portions of the respiratory activity, and that at 10-* M cyanide additional 
inhibition or reduction of some portion of the respiratory chain was achieved 
which may be involved in the DNP-stimulated ATP-ase. One such possible 
region is that near succinic dehydrogenase, which is inhibited by high levels of 
cyanide (34). 

The data in Fig. 2 indicate that the inhibition of the DNP-stimulated ATP- 
ase reaction is a function of pH. It is clear that maximum inhibition of the 
ATP-ase reaction occurred in the pH range 6.4~-7.8. Thus inhibition of the 
ATP.-ase reaction probably occurred over the entire functional pH range of the 
respiratory chain. The most sensitive region appears to be in the neighborhood 
of pH 7.2. 

From the data in Figs. 1 and 2 it would appear that part of the DNP- 
stimulated AT P-ase reaction which is inhibited by cyanide involves components 
of the respiratory chain. Perhaps the more significant fact, however, is that 
part of the ATP-ase reaction which is stimulated by DNP is not inhibited after 
reduction of the respiratory chain and hence is independent of the state of 
oxidation—reduction of the electron transport system. There may then be two 
loci of action for DNP. 

The inhibition of the DN P-induced ATP-ase reaction by cyanide was greatest 
at low enzyme concentration. This is seen in Table I. At higher enzyme 











1200 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 38, 1960 


concentration the effect of cyanide was greatly diminished. No satisfactory 
explanation for this effect can be given at this time. 
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Fic. 2. Effect of cyanide on the DNP-stimulated ATP-ase reaction of liver mito- 
chondria as a function of pH: the basic test system is described in the text. Each experi- 
ment was carried out on a different enzyme preparation. The experiments containing 


10-* M, 10~* M, and 6.6 X10- M cyanide contained 2 X10-* M MgCh, while the remainder 
contained 10-3 'M MgCl. 


TABLE I 


Effect of enzyme concentration on the inhibition of 
the DNP-induced ATP-ase by cyanide 













ATP-ase activity (umoles Pi/mg protein/hr) 





KCN 





None 10° M 10-* M 5X10-°*M 

Enzyme (carriers (carriers i (carriers % (carriers % 
(mg protein) oxidized) reduced) inhibition reduced) inhibition reduced) inhibition 

2.19” 9.04 7.43 18 8.47 6 

0.87* 11.69 10.12 15 11.02 6 

0.41 * 10.32 5.32 48 6.49 37 

0.22 12.77 5.43 55 6.73 47 

0.091 13.86 4.56 67 6.01 57 

0.046 12.13 5.78 52 3.12 58 

1.20" 10. 36 9.76 6 

0.71 13.02 10.40 20 

0.31 13.61 7.98 41 

0.16 16.52 8.07 51 

0.073 1S..59 6.22 63 

0.037 15.30 7.54 51 





*Incubated for 5 minutes. The pH of the reaction mixture was 7.2. 


(2) Rat-Heart Sarcosomes 

It is well established that the ATP-ase activity of freshly prepared un- 
damaged liver mitochondria is stimulated by DNP but not by magnesium. 
In rat-heart sarcosomes, however, the ATP-ase activity is stimulated by both 
magnesium and DNP even in sarcosomes prepared under the most careful 
conditions (57). Whether this means that the mechanisms of stimulation of 
ATP-ase activity by magnesium and DNP are different or that they represent 
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two different ATP-ases or in the extreme case that the stimulation by mag- 
nesium represents damaged sarcosomes as occurs in aged liver mitochondria 
remains yet to be decided. 

In an attempt to unravel some of these intricacies, experiments similar to 
those reported above were performed on rat-heart sarcosomes. The effects 
of cyanide on the ATP-ase activity stimulated by magnesium alone and by 
DNP alone are reported in Figs. 3 and 4. Firstly, it is clear that the pH 
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Fic. 3. Effect of cyanide on the DNP-stimulated ATP-ase reaction of rat-heart 
sarcosomes as a function of pH: the basic test reaction contained no magnesium. The 
cyanide concentration was 10-* M. The incubation time was 20 minutes. Average of 
two experiments. ~.M = umoles. 
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Fic. 4. Effect of cyanide on the magnesium-stimulated ATP-ase reaction of rat-heart 
sarcosomes as a function of pH: the basic test mixture is described in the text. The cyanide 
concentration was 10-* M. Average of two experiments. Incubation time was 20 minutes. 
uM = umoles. 
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optimum of the magnesium-stimulated ATP-ase activity was approximately 
8.2 whereas that of the DN P-stimulated ATP-ase in the absence of magnesium 
was approximately at 5.4 with a shoulder from pH 5.7 to 7.2. Addition of 10-% 
M cyanide had no inhibitory effect on the stimulation of ATP-ase by mag- 
nesium whereas approximately 40% inhibition of the ATP-ase stimulated by 
DNP was achieved at pH 6.4. Furthermore, this inhibition, in agreement with 
that reported for liver mitochondria, was dependent on the pH, the inhibition 
being evident mainly in the pH range 6.0—-7.5. Whether this means that the 
stimulation of ATP-ase activity by DNP in the absence of magnesium below 
pH 6.0 is unrelated to oxidative phosphorylation is yet an open question. 

The complete insensitivity of the ATP-ase stimulated by magnesium in rat- 
heart sarcosomes to cyanide is in agreement with the data on the digitonin 
particles (17) and suggests that either the mechanism of ATP-ase stimulation 
by magnesium is different from that of DNP or else that they represent 
different AT P-ases, in which case the magnesium AT P-ase may be independent 
of the state of oxidation—reduction of the respiratory chain. The possibility 
should not be overlooked that the magnesium-stimulated AT P-ase is unrelated 
to the mechanism of oxidative phosphorylation. 


(3) Aged Liver Mitochondria and Keilin—Hartree Preparations 

The insensitivity of the sarcosomal magnesium-stimulated AT P-ases reaction 
to 10-* M cyanide suggests either that this ATP-ase constitutes part of the 
coupling mechanism but is independent of the state of oxidation—reduction of 
the electron transport system, or else that it is unrelated to oxidative phos- 
phorylation. It is known, for example, that aged liver mitochondria and the 
Keilin—Hartree heart-muscle preparation lose the capacity for stimulation by 
DNP and for oxidative phosphorylation; they are, however, characterized by a 
magnesium-stimulated ATP-ase reaction. The effects of reduction on the 
respiratory catalysts on the magnesium-stimulated ATP-ase in these non- 
phosphorylating preparations was therefore investigated. 

The data in Figs. 5 and 6 clearly show that the ATP-ase activity stimulated 
by magnesium in both aged liver mitochondria and Keilin—Hartree prepara- 
tions was insensitive to 10-* M cyanide or to cyanide and succinate. In other 
words, this ATP-ase reaction fails to respond to cyanide resembling therefore 
the magnesium-stimulated ATP-ase of rat-heart sarcosomes. If this ATP-ase 
reaction is related to oxidative phosphorylation it would appear that magnesium 
stimulates only that portion of the mechanism which does not involve the 
respiratory carriers and hence is independent of their state of oxidation— 
reduction. 


(b) Effects of Cyanide and Reductants 

The data reported above indicate that significant inhibition of the ATP-ase 
reaction is achieved only when greater reduction of the respiratory carriers is 
effected. If the inhibition at low levels of cyanide is due to incomplete reduction 
of the phosphorylating electron carriers then the inhibition should increase 
with more effective reduction of the carriers by addition of exogenous sub- 
strates. 
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Fic. 5. The effect of reduction of the respiratory carriers on the magnesium-stimulated 
ATP-ase reaction of the Keilin—Hartree heart-muscle preparation as a function of pH: 
the basic test system contained 0.075 M KCI; 0.05 M sucrose; 0.05 M Tris-acetate buffer; 
0.002 M ATP, pH 7.2-7.4; 0.001 M MgCl.; 0.001 M KCN, pH 7.2; .0066 M succinate, 
pH 7.2, and 0.1 ml horse-heart muscle preparation (0.042 mg protein). Incubation time 
15 minutes. 4M = umoles. 
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Fic. 6. The effect of reduction of the respiratory carriers of mitochondrial fragments 
on the magnesium-stimulated ATP-ase reaction as a function of pH: the basic test system 
is described in Fig. 5. The preparation of the fragments is described in the text. The 


incubation time is 15 minutes and the protein concentration was 0.14 mg/ml. uM = 
zumoles. 


The data in Fig. 7 show that maintenance of the respiratory carriers in the 
oxidized state produced full activity of the ATP-ase reaction. Maximum 
stimulation of the ATP-ase by DNP occurred between pH 6.4 to 7.2. It is 
interesting to note that this is the pH region of a single optimum for P/O ratio 
and ATP-ase activity for digitonin particles (35, 36) as well as respiratory and 
phosphorylative reactions of liver mitochondria (37). Addition of cyanide at a 
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Fic. 7. The effect of cyanide and various substrates on the DNP-induc ed ATP-ase of 
liver mitochondria as a function of pH: the basic test system contained, in addition to 
the components described in the text, 10-* M KCN pH 7.2-7.4. The curves are averages 
of the following number of experiments: 


No DNP: 10 DNP + KCN + 8£-hydroxybutyrate: 3 
DNP: 10 DNP + KCN -+4 succinate: 4 
DNP + KCN: 10 DNP + KCN + DPNH: 2 


DNP + KCN + glutamate:3 DNP + KCN + DPNH (pretreated): 2 
All data are expressed as mean + S.E.M. uM = umoles. 


concentration of 10-4 M had a negligible effect on the DN P-stimulated AT P-ase. 
When the reduced state of the carriers was effected by the addition of succinate 
approximately 60% inhibition of the DNP-stimulated ATP-ase was achieved. 
Addition of glutamate and @-hydroxybutyrate to mitochondria in the presence 
of 10-4 M cyanide also resulted in the inhibition of the DNP-stimulated 
ATP.-ase but to a lesser degree than with succinate. Virtually no inhibition was 
caused by DPNH. This inhibition was increased to 40% when the mito- 
chondria were preincubated at 0° C for 15-20 minutes with 10-4 M cyanide 
and 10 “moles DPNH. In this connection it is worth recalling that fresh 
undamaged mitochondria are virtually impermeable to DPNH (38). Preincu- 
bation of the mitochondria presumably altered the permeability of mitochon- 
drial membrane sufficiently to permit easier entry of the DPNH and hence 
more effective reduction of the electron carriers. 

It should also be noted that inhibition of the DNP-stimulated ATP-ase by 
reduction of the carriers with substrate was pH dependent, the maximum 
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inhibition being on the range of pH 6.0—-8.4. Furthermore, as in the case with 
high concentration of cyanide there remains a portion of ATP-ase activity 
which is stimulated by DNP but which is unaffected by either reduction of 
the carriers or by pH (see succinate curve, Fig. 7) suggesting that this inter- 
reaction between DNP and high-energy intermediate may be non-enzymic. 
(c) Effect of Anaerobiosis 

In the experiments described to this point, two methods were employed for 
reducing the electron carriers. Firstly, a relatively high concentration of 
cyanide (10-*-10- M) was used in order to block cytochrome oxidase com- 
pletely, which in turn would reduce the chain in the presence of endogenous 
substrate. Secondly, a less effective concentration of cyanide was used (10-4 M) 
to block the terminal oxidase and then more effective reduction was achieved 
by addition of exogenous reductants such as succinate, $-hydroxybutyrate, 
glutamate, and DPNH. 

The conclusions arrived at as a result of reduction by these methods was 
further checked by reducing the chain under conditions of anaerobiosis. In 
view of the fact that such an experimental approach involves several factors 
which may affect the enzymic activity, preliminary tests were made to show 
that the most obvious operational procedures had no influence per se on the 
DNP-stimulated ATP-ase. 

The data in Table II clearly indicate that the process of evacuation either 
for a continuous period of 4 minutes or for 4 minutes with flushings of air for 
4 and 16 minutes at 1}-minute intervals had no significant effect upon the 
stimulation of “‘latent’’ ATP-ase by DNP. 


TABLE II 
Effect of evacuation on the DNP-induced ATP-ase activity 








ATP.-ase activity 





Time of evacuation (umoles Pi/mg protein/hr) 
0 7.91 
2 minutes 8.19 
4 minutes 8.18 
4 minutes + 6 minutes flushing with air 7.91 
4 minutes + 16 minutes flushing with air 7.67 





Note: The evacuation was performed in Thunberg tubes as described in the text 

except that the tubes were flushed periodically with air instead of nitrogen. The 

— hos phew = air hence the carriers were all oxidized. The pH of the 
It is obvious that the most effective reduction of the carriers will occur only 
when all the air is removed from the Thunberg tubes. The data in Table III 
indicate that maximum inhibition of the DNP-stimulated ATP-ase occurred 
after evacuation of tubes for 4 minutes followed by four flushings with nitrogen 
at intervals of 1} minutes. However, in order to achieve a reasonable balance 
between removal of most of the oxygen and yet preserve the integrity of the 
mitochondria as fully as possible (i.e. avoid the effects of aging or damage) 
a 2-minute evacuation period was used in most of the experiments without 
flushing the tubes with nitrogen but incubating them in an atmosphere of 

nitrogen. 
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TABLE Ill 


Effect of time of evacuation on reduction of carriers as indicated 
by inhibition of the DNP-induced ATP-ase activity 











Expt. ATP.-ase activity % 
No. Time of evacuation (umoles Pi/mg protein/hr) inhibition 

1 0 minutes 9.08 — 
2 minutes 4.54 50 

4 minutes 3.63 60 

4 minutes plus 6 minutes flushing with N» 2.23 76 

4 minutes plus 16 minutes flushing with N2 2.45 74 

2 0 minutes 7.72+0.18 — 
1 minute 3.25 +0.22 57 

2 minutes 2.99+0.12 61 

4 minutes 2.95+0.29 62 

4 minutes plus 6 minutes flushing with N2 2.36+0.07 69 





Note: The pH of the reaction mixture was 6.45. The data in experiment 2 are averages of five experiments using 
different enzyme preparations. The data are given as means + S.E.M. 


The data in Table III also indicate that although full reduction of the 
respiratory carriers was presumably achieved, the inhibition of the DNP- 
stimulated ATP-ase was about 60-75%. This incomplete inhibition was not a 
function of volume of mitochondrial suspension used, for, as the data in Table V 
indicate, the inhibition of the ATP-ase reaction was independent of the size of 
the mitochondrial suspension. Experiment 3 in Table IV suggests that addition 
of glutamate as a carrier reductant caused no further inhibition of the ATP-ase 
reaction. It appears then that the inhibitions obtained here are maximal for 
these conditions. 


TABLE IV 


Effect of volume of mitochondrial suspension on the DNP-stimulated 
ATP-ase activity under anaerobiosis 











Volume of Enzyme 

Expt. mitochondrial protein, State of ATP.-ase activity % 
No. suspension, ml mg carriers (umoles Pi/mg protein/hr) inhibition 

1 0.025 0.42 Oxidized 8.19 — 

Reduced ae 78 

z 0.050 0.54 Oxidized 6.82 — 

Reduced 2.22 67 

3 0.15 0.49 Oxidized 9.88 — 

Reduced 3.17 68 

0.15 0.49 Reduced 3.06 69 


glutamate 
(10 umoles) 





Note: The pH of the reaction mixture was 6.45. 


It is conceivable that the inhibitions reported above may be due to inter- 
ference of factors other than those of reduction of the respiratory carriers. On 
the other hand, if the association between reduction of the carriers and inhibi- 
tion of DNP-stimulated ATP-ase is indeed an intimate one, then the inhibition 
should be reversible as the steady state of the carriers shifts from reduced to 
oxidized. 
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The data in Table V indicate that under anaerobiosis about 61-73% of the 
ATP.-ase activity was inhibited. When air was reintroduced there was a return 
to the level of the DNP-stimulated ATP-ase characteristic of the oxidized 


TABLE V 
Reversibility of the DNP-stimulated ATP-ase activity inhibited by anaerobiosis 











Enzyme ATP.-ase activity 
Expt. protein, (umoles Pi/mg % 
No. mg State of carriers Conditions protein/hr) _ reversal 
1 0.49 Oxidized 12.05 
Reduced 6.03 
Reduced then oxidized Shaken for 2 minutes 14.16 78 
2 0.72 Oxidized 8.27 
Reduced 3.22 
Reduced then oxidized Shaken for 10 minutes 10.56 92 
3 0.82 Oxidized 13.32 
Reduced 3.61 
Reduced then oxidized Shaken for 10 minutes 15.50 92 





Note: The pH of the reaction mixture was 6.45. 


state. Experiment 1 of Table V also shows that the degree of reversibility of the 
inhibition may be dependent upon the amount of oxygen in solution. Only 
78% of the original activity was restored when the equilibration of enzyme 
solution with air was incomplete. These data provide further evidence that 
the inhibition of the DNP-stimulated ATP-ase was due to some reversible 
process, most probably reduction of the respiratory carriers. 

It is considered significant that the inhibition of the ATP-ase reaction does 
not appear to be influenced profoundly by pH. The data in Table VI indicate 
that the inhibition occurred over a wide spectrum of pH values. As in the 
experiments employing cyanide and no free magnesium, so here the absence 
of magnesium did not influence the level of inhibition of the ATP-ase reaction 
under anaerobiosis. It appears that maximum inhibition was achieved in the 
region of pH 7.2, which is in agreement with data reported for experiments in 
which the respiratory chain was reduced by cyanide or cyanide plus succinate. 

Finally it should be noted that, as for carriers reduced by succinate, so now 
by anaerobiosis, a portion of the DNP-stimulated ATP-ase reaction was 
independent of the reduction of the chain and pH. 

It is significant that anaerobiosis had no effect on the magnesium-stimulated 
ATP-ase of rat-heart sarcosomes (Table VII). However, reduction of the 
carriers by anaerobiosis produced about 32% inhibition of the DN P-stimulated 
ATP-ase. Addition of glutamate did not significantly affect the inhibition of 
the ATP-ase activity. In agreement with the data reported above, it seems that 
both cyanide and anaerobiosis are affecting some common denominator of 


sarcosomal function which is associated with the stimulation of ATP-ase by 
DNP. 


(d) Effect of Anaerobiosis on the AT P-P**i Exchange Reaction 
It has been postulated that DNP-stimulated ATP-ase activity and the 
ATP-P**i exchange reaction are fundamentally a manifestation of the activity 
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TABLE VI 
Effect of pH on the DNP-stimulated ATP-ase activity under anaerobiosis 














0.002 M Mgt* No Mg*t* 
ATP-ase activity ATP-ase activity 

State of (umoles Pi/mg \% (umoles Pi/mg % 
pH carriers ‘* protein/hr) inhibition protein/hr) inhibition 
a Oxidized 7.82 8.74+0.085 

Reduced 3.67 53 3.61+0.17 59 
5.9 Oxidized 8.72+0.18 7.95 

Reduced 3.19+0.19 62 2.84 64 
6.45 Oxidized 7.95 +0.20 8.83 

Reduced 2.65+0.18 74 Hes | 64 
7.2 Oxidized 7.1140.25 9.23+0.18 

Reduced 2.11+0.15 70 2.69+0.09 70 
7.65 Oxidized 5.99 +0. 33 8.07 

Reduced 2.83+0.31 53 2.96 63 
8.35 Oxidized 4.34+0.22 §.43+0.27 

Reduced 2.12+0.13 51 2.53+0.12 53 
8.8 Oxidized 3.39+0.22 

Reduced 1.92+0.15 43 
9.2 Oxidized 2.00 

Reduced 1.83 8 





Note: All experiments employing 0.002 M MgCl, are averages of three to eight experiments except that at 
pH 5.7, which consists of two experiments, and that at pH 9.2 of one experiment. 
The experiments employing no MgCl: and showing a standard error are averages of three experiments. 
All experiments were carried out on different enzyme preparations. 


TABLE VII 


Effect of anaerobiosis on the DNP-induced ATP-ase activity of rat-heart sarcosomes 

















Expt. ATP-ase activity q% 
No. Activator State of carriers (umoles Pi/mg protein/hr) inhibition 
1 0.001 M Mg Oxidized 25.10 
Reduced 25.15 0 
2 10-4 M DNP Oxidized 14.86 
Reduced 10.03 32 
3 10-* M DNP Oxidized 12.08 
Reduced 9.20 24 
4 10-4 M DNP Oxidized + 10 
umoles glutamate 21.26 
Reduced + 10 
umoles glutamate 15.73 26 








Note: The pH of the reaction mixture was 6.45. The Thunberg tubes were evacuated for 4 minutes and then 
flushed four times with nitrogen at 14-minute intervals. The aerobic experiments were treated in a similar fashion 
but flushed with air. The Thunberg tubes in experiment 4 were shaken for the duration of the experiment. 


of the coupling enzyme system. It has been demonstrated that the ATP-P**i 
exchange reaction in intact mitochondria is sensitive to cyanide (39) and 
anaerobiosis (50). The data in Table VIII confirm the sensitivity of this 
exchange reaction to anaerobiosis. It would appear therefore that both cyanide 
and anaerobiosis are affecting some common factor which results in a lowered 
exchange rate and a decrease in the stimulation of ATP-ase by DNP. 
Qualitatively these data are similar to those reported for the digitonin 
particles (17). The lower inhibition of the exchange reaction in our preparations 
may be inoty because no attempt was made to determine the conditions 
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TABLE VIII 
Effect of anaerobiosis on the ATP-P*i exchange reaction 











Enzyme 
Expt. protein, State of ATP-P®j % 
No. mg carriers (ug Pi exchanged) inhibition 
1 3.01 Oxidized 20.0 — 
Reduced 11.7 41 
2 2.60 Oxidized 17.9 — 
Reduced 13.0 27 





necessary for optimal exchange and inhibition of this exchange. Some of the 
parameters affecting the rate of exchange have been discussed by Wadkins and 
Lehninger (17). 


Discussion 


Earlier experiments have firmly established that one of the characteristic 
biochemical properties of liver mitochondria is the ‘‘latency”’ of their AT P-ases 
(5). This “latency” can be stimulated by DNP and analogous phenols (4, 6, 7, 
8), which simultaneously produce an uncoupling of oxidative phosphorylation 
(2). It has been suggested that either part or all of AT P-ase reaction stimulated 
by DNP represents the reversed operation of the integrated system responsible 
for oxidative phosphorylation (1, 4, 8). Because the mechanism of oxidative 
phosphorylation is still in the speculative stage, the present study represents 
an attempt to arrive at some correlations between the mechanism of the DN P- 
induced ATP-ase and that of oxidative phosphorylation. 

The data presented in this paper demonstrate that under the experimental 
conditions described, the ATP-ase reaction stimulated by DNP as well as the 
ATP-P**i exchange reaction is markedly inhibited by such respiratory inhibitors 
as cyanide as well as by anaerobiosis. Because cyanide or anaerobiosis block 
cytochrome oxidase, the respiratory chain, in the presence of substrate, would 
then be reduced. It would appear therefore that the state of oxidation—reduc- 
tion of the electron transport system is in some manner associated with the 
degree of stimulation of the latent ATP-ase by DNP. 

Qualitatively the results reported in this paper are in agreement with some of 
the findings of Hunter (15), Boyer (39), and Wadkins and Lehninger (17). 
Furthermore, Siekevitz et al. (40) have shown that respiratory poisons such as 
amytal depressed the stimulation of the latent ATP-ase by DNP. Both amytal 
and antimycin A inhibited the ATP-P**i exchange reaction. 

Our data are, however, at variance with those reported by Myers and Slater 
(21) and Léw (18), who could find no inhibition of the DN P-induced ATP-ase 
by cyanide. Furthermore, Hiilsmann et al. (41) concluded that the ATP-P**i 
exchange does not depend on the state of oxidation—reduction of the respiratory 
chain because reduction of the chain by dithionite or 10-4 M cyanide did not 
influence the exchange reaction. Bronk and Kielley (42) have found that reduc- 
tion of the respiratory chain of submitochondrial particles increased the ex- 
change reaction. 
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If these reactions of ATP are related to energy coupling then the decrease in 
the activity of these reactions upon reduction of the carriers suggests that one 
or more of the components of the reactions involve the electron carriers in the 
oxidized state. This would therefore appear to exclude those formulations in 
which the carrier was taken out of the ATP-ase reaction (21) and perhaps those 
in which the high energy intermediate involves the carrier in the reduced state 
(18, 19). One formulation which accounts for the facts presented in this paper is 
that of Slater (10) as extended by Lardy (14), Hunter (15), and Lehninger (16). 
It should be kept in mind, however, that this interpretation may not be unique 
as will be indicated below, and furthermore, that even the simplest scheme 
compatible with all the known facts may still be wrong. It may be formulated 
as follows: 


AH, + I= AH; — I {1] 

AH. -I1+B=A~I + BH, [2] 

A~I + Pi=I~Pi+A [3] 

I~P + ADP= ATP +I [4] 
DNP 

A~lI + H,O—»~A +I [5] 


The ATP-ase reaction as described in this paper will be represented by a 
reversal of reactions (4) and (3) followed by reaction (5). AH» and B are any 
two adjacent members of the respiratory chain. The energy liberated in this 
oxidoreduction is conserved in the intermediate A ~ I. In this formulation the 
nature of I is as yet unknown, but it may be a quinone or a similar agent (30, 
44, 45, 46, 47, 55, 56), or part of protein such as a sulphydryl group. One may 
speculate further that I may serve as a common factor for phosphorylations at 
one or all three sites giving Ai, ~ I, Ag~ 1, and A;~ I. I ~ P would serve 
as a common intermediate involved in the transphosphorylation reactions at 
the three different sites. 

Whether or not this formulation is in any way representative of the mecha- 
nism of oxidative phosphorylation in the intact mitochondria it does account 
for the decrease in the DNP-stimulated ATP-ase reactions as well as the ex- 
change reaction. Upon reduction of the carriers, the formation of A~ I is 
prevented with the resulting decrease on the stimulation of the ATP-ase by 
DNP, providing one assumes that DNP induces the hydrolysis primarily of a 
non-phosphorylated intermediate A ~ I, as has already been suggested (10, 
11, 14, 15), and not A ~ P, which have also been suggested as possible alterna- 
tives in the formulations of Lardy (14), Hunter (15), and Lee and Eiler (50), or 
C ~ P as suggested by Cooper and Lehninger (35). 

It is significant to note, however, that the inhibition of the DNP-induced 
ATP-ase was not complete. This can be explained in two ways: 

1. Let us assume that the respiratory chain under our conditions was com- 
pletely reduced. The incomplete inhibition of the DNP-stimulated ATP-ase 
could mean that part of the DNP-induced ATP-ase reaction was insensitive to 
the state of oxidation—reduction of the chain. Furthermore, it appears to be 
insensitive to pH. This suggests that DNP may promote the hydrolysis of 
another high-energy intermediate whose formation is independent of the 
electron carriers. According to the above formulation, the obvious candidate 
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for these requirements is | ~ P. The formation of I ~ P in the ATP-ase 
reaction (reaction 4) is independent of the electron carriers and its hydrolysis 
can be envisaged as: 


. Ip I — DNP . 
I~P + DNI — roar ft + Pi (5) 
‘ H,O 
I — DNP DN 
bart — DNP +1 (6) 
It is improbable that the alternate mechanism: 


DNP~P 


I~P + DNP > }ONP . Pt +1 


—— 
DNP ~ pe —— PNP + Pi 

holds, for it has been shown that 2,4-dinitrophenylphosphate is a very stable 
compound (48). It therefore appears that our data can be used to support two 
points of attack by DNP in the uncoupling process: a non-phosphorylated 
intermediate as suggested first by Slater (10) as the prime target and a secondary 
point | ~ P as suggested by Cooper and Lehninger (35). It is possible that 
this explanation of the residual DNP-stimulated ATP-ase must be qualified 
by a consideration of other possibilities some of which have been discussed by 
Wadkins and Lehninger (17). 

2. On the other hand, the incomplete abolition of the DN P-induced AT P-ase 
in the presence of cyanide, in the presence of cyanide and substrate, or under 
anaerobiosis may be due to incomplete reduction of all or part of the respiratory 
chain. Conceivably then, some high energy intermediate may still be formed 
which would be decomposed hydrolytically in the presence of DNP. In this 
connection it is rather puzzling that, in the presence of cyanide, reduction of 
the chain by $-hydroxybutyrate, glutamate, or DPNH was less effective in 
inhibiting the DNP-induced ATP-ase than reduction by succinate. Perhaps 
succinate reduced the chain or parts of it more effectively than did the DPN- 
linked substrates. Recent studies of Klingenberg et al. (49) and Chance and 
Hollunger (51) may be of considerable importance here. Their studies show 
that succinate is a more powerful reductant of DPN in “‘starved’’ mitochondria 
than either glutamate or @-hydroxybutyrate. This fact coupled with our 
powerful inhibitory effect of succinate in the presence of cyanide on the DNP- 
induced AT P-ase suggests that the formation of the DN P-sensitive high-energy 
intermediate is dependent on the state of oxidation—reduction of DPN. 

These considerations recall the scheme of Chance (12) and Chance and 
Williams (13). According to their formulation, the ATP-ase reaction may be 
written as follows: 


ATP +X = XP + ADP (1) 

XP +12 XA1 + Pi [2] 

X~I + DPNH = DPNH~I + X [3] 
DNP 

X~1 + HO —->X +1 (4 


If we accept the contention of Chance (12) that DNP promotes the hydrolysis 
of X ~ I and not DPNH ~ I then the ATP-ase reaction should be independent 
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of the reducing conditions. The fact that this is not the case requires further 
assumptions in order to accommodate the above formulation. Obviously, some 
means of removing I, X, or X ~ I must be assumed. Chance and Hollunger 
(43) suggest that under anaerobiosis X ~ I, or X or I may be bound more 
tightly and hence become unavailable for participation in the reaction. More 
recently they have provided evidence that the succinate-reduced material 
consists of DPNH bound to some ligand I, perhaps a protein (51). Under 
reducing conditions this ligand would be unavailable for participation in 
reaction (2) for example. This would then decrease the DN P-induced ATP-ase 
as well as the ATP-P**i exchange reaction. The extent of inhibition of the 
DNP-induced AT P-ase could be determined by the degree of reduction of DPN. 
The fact that succinate reduced about 80% of the DPN may explain its in- 
ability to completely inhibit the DNP-induced ATP-ase in our experiments. 

Clearly, the present gaps in our knowledge do not permit a definite choice 
between these formulations of oxidative phosphorylation. 

Earlier work has established the existence of two ATP-ases in liver mito- 
chondria. One ATP-ase is stimulated by DNP and the other by magnesium 
(4, 5, 6, 7, 8, 21). The former is characteristic of structurally intact, tightly 
coupled mitochondria, which when damaged acquire the magnesium ATP-ase, 
simultaneously losing their ability to phosphorylate. While it is generally 
considered, and the data in this paper appear to support the idea, that the 
DNP-induced ATP-ase represents reactions which are a reversal of oxidative 
phosphorylation, there is no such agreement on the significance of the AT P-ase 
reaction stimulated by magnesium in the coupling mechanism (4, 5, 35, 52, 
21, 58). 

The data reported in this paper show that this particular AT P-ase reaction 
in sarcosomes, aged mitochondria, and Keilin—Hartree preparation is insensitive 
to the state of oxidation—reduction of the carriers. This could be interpreted as 
indicating that the magnesium-stimulated AT P-ase represents reactions which 
are not involved in oxidative phosphorylation, particularly as this insensitivity 
to reduction of carriers occurs in preparations such as badly damaged mito- 
chondria as well as the Keilin—Hartree preparations, both of which are non- 
phosphorylating. On the other hand, it could be argued that this ATP-ase 
reaction represents only that portion of the coupling mechanism which does not 
involve the participation of the carriers. If this were so, the following formula- 


tion would hold: 
ATP + 1=—I~P + ADP 


IP-ase 

Thus our data could be considered compatible with the contention of Léw 
(18, 19) and Purvis and Slater (58) that magnesium—ATP-ase represents part of 
the energy-coupling mechanism. Furthermore, in the light of the possibility 
that DNP may promote the hydrolysis of | ~ P, it seems that in preparations 
(intermediate forms (7)), there may be competition for | ~ P by DNP and the 
magnesium-stimulated IP-ase. This would then explain the fact that the 
ATP-ase of acetone powders of liver mitochondria retained the capacity for 
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some DNP stimulation as well as magnesium stimulation (8) although they 
have lost the ability to carry out oxidative phosphorylation, the ATP-P**i 
exchange and the phosphate—oxygen exchange at any appreciable rate (53). 

Whether or not the similarity in behavior of the magnesium-stimulated 
ATP-ase from the three diverse sources to cyanide and anaerobiosis is fortuitous 
or indicates an underlying identity in mechanism remains to be decided in 
further experimentation. It is possible that agents such as atebrine and chlor- 
promazine may prove useful (54). 
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RESPIRATORY RATE (Qo.) OF ISOLATED LIVER OF WHITE RATS 
EXPOSED TO SUMMER OR WINTER OUTDOOR 
ENVIRONMENTAL CONDITIONS* 


O. HEROUX AND J. WILLMER 


In white rats continuously exposed to a constant cold temperature, cold 
acclimation has been repeatedly shown to be associated with a greater capacity 
to produce heat without shivering. This increased non-shivering thermogenesis 
has also been found to be accompanied by a greater thyroid activity, an increase 
in resting metabolic rate, and a widespread increase in the oxidative metabolism 
of the tissues (1). 

In white rats exposed to the fluctuating conditions prevailing outdoors during 
the winter, a similar capacity to produce heat without shivering has also been 
found, without being associated, however, with an increased thyroid activity 
and an increased resting metabolic rate (2, 3). The comparison between the 
metabolic adjustments to the two different cold environments has now been 
extended one step further by measuring in a Warburg apparatus the Qo, of 
isolated liver of white rats exposed to summer or winter conditions. 

The environmental conditions have been described in a previous paper (2) 
and the method for measuring the oxygen consumption was essentially that 
described by Weiss (4). 


Results 


On the average, the in vitro respiratory rate of the liver from summer rats 
exceeded that of the liver from winter rats. The 19% difference was statistically 
significant at the 1% level. 


TABLE I 


In vitro respiratory rate of livers from summer 
and winter acclimatized white rats 


Environmental Number of Av 





. Oo, 
conditions rats ul/mg/dry wt./hr 
Summer 10 6.98 +0. 26 
Winter 8 5.66+0.29 
Diff. (S—W) 1.32+0.39 


A reduced Qo, of the liver is consistent with the reduced activity of the thy- 
roid and the reduced resting metabolism observed in the winter rats. 

Since these animals have a capacity for heat production through non-shiver- 
ing thermogenesis similar to that of the indoor-cold acclimated rats, this is 
taken as evidence that increased thyroid activity, higher resting metabolism, 
and greater oxidative metabolism of the liver observed in the indoor-cold 


*Issued as N.R.C. No. 5781. 


Can, J. Biochem. Physiol, Vol. 38 (1960) 
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acclimated rats are not directly related to the greater capacity of the rats to 
produce heat through non-shivering thermogenesis. This set of changes could 
then be considered as incidental and merely associated with severe conditions 
such as continuous exposure to constant cold temperature. 

In other words, the hyperactivity of the thyroid and all the associated 
metabolic disturbances would be superimposed on other changes directly 
responsible for the increased chemical thermogenesis. 

The importance of these results can be fully understood when it is realized 
that nowadays many efforts to solve the mechanism that would explain the 
greater chemical thermogenesis found in cold acclimated rats are focussed 
directly or indirectly on the increased thyroid activity and the increased oxida- 
tive metabolism of the liver. All these efforts might very well serve to explain 
only a set of changes which would have little to do with the fundamental 
mechanism of cold adaptation once this state has been established. 

1. E. A. SELLERS. Rev. can. biol. 16, 175 (1953). 
: O. Hérovux, F. Depocas, and J. S. Hart. Can. J. Biochem. and Physiol. 37, 473 (1959). 


. O. Hérovux, E. ScH6ONBAUM, and A. DesMarats. Federation Proc. 18(2), 67 (1959). 
4. A. K. Werss. Am. J. Physiol. 177, 201 (1954). 
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NEUTRALIZATION OF COD INSULIN WITH ANTISERUM: 
PRECIPITATION OF INSULIN-ANTI-INSULIN COMPLEX 
WITH ETHANOL-WATER 


P. J. MOLONEY AND M. A. APRILE 


The physiological activity of extracted insulins of a number of species (pig, 
ox, rabbit, horse, etc.) may be neutralized, as shown by the mouse-convulsion 
test, by antisera from animals of a number of species (guinea pig, rabbit, sheep, 
horse, and human anti-insulin induced by the injection of pig or ox insulin) 
(1, 2, 3, 4). With cod insulin, however, the pattern of neutralization differs 
from that of the insulins listed above. The difference is shown in Table I 
where a comparison is given of the results of neutralization of cod and ox 
insulins by antiserum induced in the horse by the injection of ox insulin. 

The difference in neutralization pattern of the two insulins is most probably 
due to relatively high dissociation of cod insulin —anti-insulin complex as 
compared to that of ox insulin —anti-insulin. This explanation is consistent 
with the fact that insulin (either cod or ox), when mixed with anti-insulin 
serum, is precipitated at —5° C by ethanol (25% v/v), whereas insulin, when 
mixed with serum not containing anti-insulin, is not so precipitated.* The 
results are shown in Tables II and III. 


*In a recent paper Gordis (5) used 76% ethanol saturated with NaCl, pH 8.0, for the pre- 
cipitation of insulin-antibody complex. 


C. Jan. Biochem. Physiol, Vol. 38 (1960) 
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TABLE | 


Neutralization of cod and ox insulins with anti-insulin 








Fraction convulsing 











Anti-insulin (horse) Ox insulin Cod insulin 
(0.8 u./ml) (0.05 u. per mouse) (approx. 0.03 u. per mouse) 
Undiluted 0/12 2/12 
1/2 0/12 7/12 
1/4 1/12 8/12 
1/8 12/12 7/12 
Saline 12/12 8/12 





NOTE: Equal volumes of serum or dilutions of serum and insulin in buffered saline (0.05 molar phosphate, 
Naz:HPO;-HCl, pH 7.5, 0.4% NaCl) were mixed and 0.5-ml amounts were injected subcutaneously into starved 


mice; 0.03 unit of cod insulin was not neutralized by amounts of antiserum (}-} dilutions) which neutralized 0.05 
unit of ox insulin. 


TABLE II 
Precipitation of ox insulin — anti-insulin by 25% ethanol at —5° C 


Serum Final Insulin recovered 
— - - ———————— Ox extract ——@ ——_—_ 
Titer, Vol., insulin, volume, Supernatant, Precipitate, 








Expt. Type u./ml ml units ml units units 
1 (a) Horse anti-insulin 0.8 10 4 5 <O0.25 >1.0 <2.0 
(b) Horse normal - 10 4 5 >1.8 <2. <0.25 
2 (a) Guinea pig anti-insulin 
lot No. 1 0.4 10 5 <0.25 >0.5 <1.0 
(6) Guinea pig normal 10 2 5 >1.0 <2.0 <0.25 
3 (a) Guinea pig anti-insulin 
lot No. 2 0.8 10 5 5 <0.25 >2.5 <5.0 
(b) Guinea pig normal 10 5 5 >2.0 <4.0 <0.25 
4 (a2) Human anti-insulin* 0.8 10 4 5 <0.25 1.0 
(b) Human diabetict _- 5 1 5 >0.5 <1.6 <0.25 
(c) Human normal No. 1 10 4 5 >2.0 <4.0 <0.25 
(d) Human normal No. 2 10 2 5 >1.0 <2.0 <0.25 
5 (a) Sheep anti-insulin 0.4-0.8 10 5 5 €0.25 >2.5 <5.0 
(b) Sheep normal _- 10 5 5 >2.0 <4.0 <0.25 
6 (a) Rabbit anti-insulin 0.4-0.8 10 5 5 <0.25 >2.5 <5.0 
(b) Rabbit normal — 5 2.5 5 


>1.0 <2.0 <0.25 





*Serum from a resistant patient (E.T.). 
tSerum from diabetic who had never received insulin (H.S.). 


TABLE III 


Precipitation of cod insulin — anti-insulin (horse) by 25% ethanol at —5° C 











Serum 
enna Ss Ce | ert Insulin recovery 

Titer, Vol., insulin, volume, ——---—————- 

Expt. Type u./ml ml units ml Supernatant Precipitate 
1 (a) Horse anti-insulin 0.8 10 5 6 “2.2 >1.35 <38 
(6) Horse normal — 10 5 6 >1.5 <29 <0.2 
2 (a) Horse anti-insulin 0.8 15 10 10 “O.2 32.5 <3.0 
(b) Horse normal — 15 10 10 2.8 <3.9 <0.2 








Note: Insulins (ox or cod, Tables II and 111) were dissolved in buffered saline (0.05 molar phosphate, NazH PO.- 
HCl, pH 7.5, 0.4% NaCl) mixed with normal or anti-insulin serum, and let stand for 1 hour at room tem ture 
and at —5° C overnight. Ethanol 53% v/v at —5° C was added slowly to give a final concentration of 25%. After 
1 hour the mixtures were centrifuged; the temperature was maintained at —5° C during these operations. 

he supernatants and precipitates were extracted at room temperature with acid ethanol, 70% v/v, pH 2.5. 
The alcohol was removed by vacuum distillation and the presence of insulin in the aqueous residues assayed by mouse 
convulsion method. 
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In Table I, under “‘cod insulin’’, it is recorded that two mice convulsed out 
of 12 that had been injected with the undiluted serum—insulin mixture. This 
observation suggests that neutralization of cod insulin may be effected by a 
large excess of anti-insulin. Further, results in Table II] show that cod 
insulin is precipitated, in the presence of anti-insulin, but not in the presence of 
normal serum, by ethanol under the conditions stated and hence that cod 
insulin does combine with anti-insulin. It may be noted that the amount of 
anti-insulin used in the precipitation of the cod insulin was not sufficient for 
neutralization. 

Although the results in Tables II and III indicate that most of the insulin 
(cod or ox), in the presence of anti-insulin, is precipitated by 25% ethanol, they 
do not, of course, show that all the insulin is so precipitated. 


Summary 


More anti-insulin is required per hypoglycemic unit (mouse-convulsion test) 
for the neutralization of cod insulin than of ox insulin. Both cod and ox insulins 
when mixed with anti-insulin serum may be precipitated at —5° C by ethanol 
25% viv. 


P. J. MoLoney and M. Cova. Biochem. J. 59, 179 (1955). 

P. J. MOLONEY and L. Go_psmitH. Can. J. Biochem. and Physiol. 35, 79 (1957). 

P. J. MOLONEY and M. A. AprRILE. Can. J. Biochem. and Physiol. 37, 793 (1959). 
C. Ezrin and P. J. Motoney. J. Clin. Endocrinol. and Metabolism, 19, 1055 (1959). 
E. Gorpis. Proc. Soc. Exptl. Biol. Med. 103, 542 (1960). 


Une whe 


RECEIVED JULY 7, 1960. 

CONNAUGHT MEDICAL RESEARCH 
LABORATORIES, 

TORONTO, ONTARIO. 














PHYSIOLOGY, 
BIOCHEMISTRY AND 
PHARMACOLOGY 


A comprehensive monthly abstracting publication of Excerpta Medica cover- 
ing the world’s medical literature, fully classified under the following major 
headings: Biochemistry; Nutrition; Metabolism; Digestive System; Respira- 
tion; Circulation; Body Fluids; Excretion; Organs of Movement; Nervous 
System; Sense Organs; Reproduction; Aviation Physiology; Skin; General 
Physiology; Toxicology; Special and Generali Pharmacology. 


1400 pages containing approximately 6000 abstracts a year 
Price: $45.00 a year 


EXCERPTA MEDICA FOUNDATION 


N.Y. ACADEMY OF MEDICINE BUILDING, 2 EAsT 103RD Sr., 
New York 29, N.Y. 


COMMONWEALTH BUREAU OF ANIMAL NUTRITION 


ROWETT RESEARCH INSTITUTE, BUCKSBURN, ABERDEEN, SCOTLAND 


Publications and Services 
NUTRITION ABSTRACTS AND REVIEWS 


World literature on the nutrition of man and animals is abstracted in sections embracing 
methods of analysis and experimental techniques; composition, digestion, and utilization of 
food and systems of feeding; growth, reproduction, and all physiological processes concerned 
with the use of food; the relation of diet to health and disease; the feeding of livestock. 


Each number contains also a Review Article dealing with scme subject of current practical 
importance. 


Published quarterly. Price 126s. per volume. The current volume is Vol. 30. 


TECHNICAL REPORTS 


From time to time the Bureau prepares Technical Communications on subjects of practical 
importance. A list of these may be had on request. 


CONSULTATION SERVICE 


The Bureau is prepared, within the limits of its information, to answer enquiries from workers 
in laboratory research, field investigations, or nutritional planning, who do not themselves 
have the necessary access to literature. 




















oe 








NOTES TO CONTRIBUTORS 
Canadian Journal of Biochemistry and Physiology 


MANUSCRIPTS 


Conte rae in English or French, should be typewritten, double spaced, 
on paper 834X111 in. he al and one copy are to be submitted. Tables, and 
captions for the figures, should be placed at the end of the manuscript. Every sheet of the 
manuscript should be numbered. Style, arrangement, spelling, and abbreviations should 
conform to the usage of recent numbers of this journal. Greek letters or unusual signs should 
be written plainly and explained by marginal notes. Superscripts and subscripts must be 
legible and carefully placed. Manuscripts and illustrations should be carefully checked 
before they are submitted. Authors will be charged for unnecessary deviations from the 
usual format and for changes made in the proof that are considered excessive or unnecessary. 


Abstract.—An abstract of not more then about 200 words, indicating the scope of the 
work and the principal findings, is required, except in Notes. 


References.—These should be designated in the text by a key number and listed at the 
end of the paper, with the number, in the order in which they are cited. The form of the 
citations should be that used in this journal; in references to papers in periodicals, titles should 
not be given, and initial page numbers only are required. names of TT. should be 
abbreviated in the form given in the most recent List of Periodicals Abstracted by Chemical 
Abstracts. All citations should be checked with the original articles. 


Tables.—Tables should be numbered in roman numerals, and each table referred to in 
the text. Titles should always be given but should be brief; column headings should be 
brief and descriptive matter in the tables confined to a minimum. Vertical rules should 
not be used. Numerous small tables should be avoided. 


ILLUSTRATIONS 


General.—All figures (including each figure of the plates) should be numbered con- 
secutively from 1 up, in arabic numerals, and each re should be referred to in the text. 
The author's name, title of the paper, and figure number should be written in the lower left- 
hand corner of the sheets on which the illustrations appear. Captions should not be written 
on the illustrations, 


Line drawings.—Drawings should be carefully made with India ink on white drawing 
paper, blue tracing linen, or co-ordinate ‘oa ruled in blue only; any co-ordinate lines that 
are to appear in the reproduction should be ruled in black ink. Paper ruled in green, yellow, 
or red should not be used. All lines must be of sufficient thickness to reproduce well. Deci- 
mal points, periods, and stippled dots must be solid black circles large enough to be retained 
when reduced. Letters and numerals should be neatly made, preferably with a stencil (do 
NOT use typewriting), and be of such size that the smallest fettering will be not less than 
1 mm high when the figure is reduced to a suitable size. Many drawings are made too large; 
originals should not be more than 2 or 3 times the size of the desired reproduction. Wherever 
possible two or more drawings should be grouped to reduce the number of cuts required. In 
such groups of drawings, or in large drawings, full use of the space available should be made; 
the ratio of height to width should conform to that of a journal page (434 X7}4 in.), but 
allowance must be made for the captions. The original drawings and one set of clear 
copies (e.g. small photographs) are to be submitted. 


Photographs.—Prints should be made on glossy paper, with strong contrasts. The 
should be trimmed so that essential features only are shown and mounted carefully, wi 
rubber cement, on white cardboard, with no space between those arranged in groups. In 
mounting, full use of the space available should be made. Photographs are to be sub- 
mitted in duplicate; the duplicate set of grouped photographs should be unmounted. 


REPRINTS 


_ A total of 100 reprints of each paper, without covers, are supplied free. Additional re- 
peas with or without covers, may be purchased at the time of publication. are 

sed on the number of printed pages, which may be calculated a le orang by multiplying 
by 0.6 the number of manuscript pages (double-spaced typewritten sheets, X11 in.) and 
including the space occupied by illustrations. Prices and instructions for ing reprints 
are sent out with the galley proof. 





CONTENTS 


BIOCHEMISTRY 


D. R. Idler, P. J. Schmidt, and A. P. Ronald—Isolation and identification of 
11-ketotestosterone in salmon plasma Sd glean eo wae 


D. K. Myers—Biochemical effects of irradiation on liver regeneration ... . 


J. S. Willmer—Changes in hepatic enzyme levels after adrenalectomy. 
I. Phosphorylase, phosphoglucomutase, and phosphoglucoseisomerase . . 


W. E. J. Phillips—In vitro studies on the biosynthesis of ubiquinone ... . 


A. R. P. Paterson—The development of resistance to 6-mercaptopurine in a 
subline of the Ehrlich ascites carcinoma ......+++s+e+e-s 


A. R. P. Paterson. With a note by G. A. LePage—Thiopurine nucleotide syn- 
thesis in a 6-MP-resistant subline of the Ehrlich ascites carcinoma and 
growth inhibition by certain antimetabolites .......+.+2+seee-s 


Arthur E. Pasieka—Paper chromatography of complex biological materials by 
solvent redevelopment without prior removal of salts or proteins .... 


Y. Takahashi and Y. Akabane—Protein metabolism of rat brain slices . . . . 


Thomas Séndor and André Lanthier—Biosynthesis of two steroid glycols from 
17a-hydroxyprogesterone by surviving human ovarian slices ....... 


H. Tsuyuki and D. R. Idler—The metabolism of inositol in salmon. I. The 
distribution of radioactivity in acid-soluble extracts of coho salmon 
following intraperitoneal and intra-arterial injections of 2-C'* myoinositol 


H. Tsuyuki and D. R. Idler—The metabolism of inositol in saimon. II. The 
are < nucleotides in relation to the metabolism of 2-C'* myoinositol in 
co. oO ver . . . . . . . . e 7 . . . . . . . > . . . 


Richard M. Krupka and Keith J. Laidler—A molecular mechanism for en- 
zymatic dehydrogenations involving pyridine nucleotides 


W. Chefurka—Studies on the inhibition of the mitochondrial ATP-ase by 
reduction of the respiratory chain 


PHYSIOLOGY 


O. J. Lucis and E. H. Venning—In vitro and in vivo effect of growth hormone 
on aldosterone secretion .....++sseee-68 


e080 2: 0.8 6-228. 


Marion K. Birmingham, Erika Kurlents, R. Lane, B. Muhlstock, and H. 
Traikov—Effects of calcium on the potassium and sodium content of rat 
adrenal glands, on the stimulation of steroid production by adenosine 
oi gt a and on the response of the adrenal to short contact 

t A . . > . o . . om . * e . . . . . . . +. . . . . . . . . . . . . 


Guy Lamarche, R. Giguére, and J. M. Langlois—Stimulation of the fasciculus 
subcallosus in the cat with implanted electrodes ......4++4+e+ee-s 


Guy Lamarche, J. M. Langlois, and Maurice Héon—Unit study of the tri- 
— projections in the reticular formation of the medulla oblongata 
t e cat . . am . . . . +. . . . 7 . 


Notes: 


O. Héroux and J. Willmer—Respiratory rate (Qo,) of isolated liver of white 
rats exposed to summer or winter outdoor environmental conditions . 


P. J. Moloney and M. A. Aprile—Neutralization of cod insulin with anti- 
serum: Precipitation of insulin—anti-insulin complex with ethanol- 
WEOUE 8S hice se 2 « 


PHARMACOLOGY 


I. W. Coleman, P. E. Little, and G. A. Grant—Oxime mixtures and atropine 
in the protection of mice and rats from sarin poisoning .......+-. 


K. N. Mehrotra—Effect of an anticholinesterase on the cholinergic system in 
insect eggs ° . . . . . e a . + . > * . . . . > * . . . . . . . . . . - > 


J. F. Scaife and J. Shuster—Tissue cholinesterase levels in sarin poisoning . . 








